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Introduction 


Identification  of  new  oncogenes  and  tumor  suppressors  that  participate  in  the  development  of 
ovarian  carcinoma  holds  great  promise  to  develop  new  strategies  for  diagnosing  and  treating  this 
devastating  disease.  Several  elegant  studies  have  employed  gene  expression  profiling  as  the 
discovery  tool  (such  as  DNA-based  microarray)  and  have  identified  multiple  candidate  genes 
associated  with  ovarian  carcinomas.  Several  of  these  over-expressed  genes  have  proven  to  be 
novel  biomarkers  of  cancer  (Hough  et  al 2000).  However,  it  is  challenging  to  use  such  approach 
alone  to  distinguish  the  truly  important  genes  that  directly  drive  tumor  progression  from  a  larger 
number  of  the  “passenger”  genes  that  are  co-overexpressed  but  lack  the  biological  roles  in  tumor 
development.  This  is  because  gene  expression  is  dynamic,  depending  on  both  genetic  program 
and  tumor  microenvironment.  In  contrast,  molecular  genetic  changes  such  as  gene  amplification 
and  point  mutation  are  inheritable  traits  as  a  result  of  clonal  selection  and  they  likely  confer  a  growth 
advantage  to  tumor  cells  and  propel  tumorigenesis. 

We  hypothesize  that  a  comprehensive  analysis  of  ovarian  cancer  genome  by  combining 
genomic  analysis  and  gene  expression  analysis  would  significantly  facilitate  the  identification  of 
oncogenes  or  tumor  suppressors  that  directly  contribute  to  the  development  of  ovarian  tumors.  The 
main  objective  in  this  study  is  to  identify  critical  genetic  alterations  that  participate  in  the 
development  of  ovarian  serous  carcinoma,  the  most  common  and  malignant  type  of  ovarian  cancer. 
This  goal  is  achieved  through  a  parallel  analysis  of  cancer  genome  and  transcriptome.  This 
approach  would  identify  genes  demonstrating  increases  in  copy  numbers  of  both  genomic  DNA  and 
mRNA  and  those  genes  will  be  characterized  through  mutational  analysis.  Digital  karyotyping,  a 
technology  developed  in  our  research  team,  and  high  resolution  SNP  arrays  permit  a  detailed 
analysis  of  cancer  genome  (Wang  et  al.,  2002),  and  both  techniques  were  employed  to  scan 
ovarian  cancer  genome.  SAGE  (serial  analysis  of  gene  expression)  (Velculescu  et  al.,  1995)  and 
high  throughput  quantitative  real-time  PCR  were  performed  to  reveal  the  transcriptome  in  each 
amplified  region.  Using  the  above  approaches,  we  have  identified  several  candidate  oncogenes 
with  concurrent  gene  amplification  and  transcript  up-regulation.  We  have  also  performed  functional 
studies  on  candidate  oncogenes  to  determine  their  roles  in  ovarian  cancer  pathogenesis. 
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Body 


We  have  accomplished  all  the  proposed  tasks  using  digital  karyotyping  technology.  In  addition, 
because  of  technique  advancement  in  recent  years,  we  have  performed  high  density  SNP  array 
analysis  on  additional  80  ovarian  tumor  samples  to  extend  our  study.  The  accomplishments 
associated  with  each  task  outlined  in  the  approved  statement  of  work  are  detailed,  point  by  point,  in 
the  followings.  Further  details  can  be  found  in  the  published  and  in-press  papers  in  Reportable 
Outcomes. 

Task  1.  To  identify  genome-wide  amplifications  in  ovarian  serous  carcinomas  using  Digital 
Karyotyping. 

By  the  end  of  the  funding  period,  we  have  finished  generating  digital  karyotyping  libraries  for  serous 
carcinomas  as  originally  proposed.  In  the  mean  time,  we  also  used  SNP  arrays  for  the  same 
purpose.  This  is  because  the  technology  and  analysis  software  of  high  density  SNP  arrays  have 
become  cost  effective.  We  have  performed  side-by-side  comparison  of  digital  karyotyping  and  high 
density  SNP  array  and  found  the  results  were  comparable  between  these  two  methods.  Discrete 
amplicon  and  homozygous  deletion  can  be  identified  by  both  techniques.  Due  to  much  lower  cost 
for  SNP  array  analysis,  we  were  able  to  analyze  a  larger  number  of  clinical  samples  that  yield  much 
information  than  what  has  been  proposed.  As  a  result,  we  have  analyzed  a  total  of  43  additional 
affinity-purified  ovarian  tumors  using  10K  SNP  array  and  37  additional  samples  using  250K  SNP 
array.  Because  of  the  higher  sensitivity  associated  with  250K  SNP  array  platform,  we  were  able  to 
analyze  deletion  with  high  confidence.  We  have  created  a  web-link  in  Johns  Hopkins  to  permit 
access  to  10K  SNP  array  database  by  the  public 

(https://ishare.iohnshopkins.edu/twanq16/10K%20SNP%20arrav%20Data).  We  plan  to  post  the 
250K  SNP  array  database  once  our  two  new  manuscripts  using  this  platform  are  published. 

Based  on  the  SNP  array  and  originally  proposed  digital  karyotyping  analyses,  we  have 
focused  on  two  of  the  most  frequently  amplified  regions,  1 1  q  1 3.2  (the  Rsfl  locus)  and  19p13(the 
Notch3  locus),  for  detailed  mapping  and  functional  characterization  (Appendix  #1,  #4  &  #10).  For 
the  study  of  Rsfl  gene,  we  were  able  to  demonstrate  that  its  expression  was  associated  with 
chemoresistance  to  taxol  (Appendix  #17)  and  its  interaction  with  another  chromatin  remodeling 
protein,  hSNF2H,  was  essential  for  tumor  promotion  (Appendix  #14).  Furthermore,  gene 
amplification  is  associated  with  worse  disease  outcome,  suggesting  that  Rsfl  could  be  potentially 
used  as  a  prognostic  marker  in  the  future  (Appendix  #1 ).  For  the  study  of  Notch3  gene,  we  identified 
the  ligands  present  in  the  tumor  microenviroment  that  could  trigger  Notch  signaling  and  be  involved 
in  tumor  dissemination  onto  mesothelial  cells  of  the  peritoneal  wall  (Appendix  #15).  We  also 
identified  target  genes  of  Notch3  signaling  using  the  Affymetry  expression  microarrays.  Our  results 
indicated  that  Pbxl  was  a  critical  gene  involved  in  Notch3  signaling  (Appendix  #16). 

It  needs  to  be  mentioned  that  while  analyzing  digital  karyotyping  libraries  during  the  early 
phase  of  this  study,  we  have  identified  a  gene  named  NAC1  which  was  highly  amplified  and  over¬ 
expressed  in  a  recurrent  carcinoma.  Although  the  follow-up  study  in  a  larger-scale  sample  size  did 
not  demonstrate  clear  amplification  in  NAC1  region,  we  did  confirm  that  NAC1  protein  was  over¬ 
expressed  in  the  recurrent  ovarian  carcinomas  and  was  functionally  important  in  cancer  cell  survival 
(Appendix  #3  &  #12). 

In  addition  to  gene  amplifications,  our  genome  scan  using  digital  karyotyping  and  250K  SNP 
array  also  identified  genomic  deletions.  We  had  characterized  a  region  with  homozygous  deletion  at 
1 7p1 2.  This  region  harbors  a  candidate  tumor  suppressor:  MKK4.  Function  study  by  others  as  well 
as  by  us  suggested  that  MKK4  could  suppress  the  metastasis  potential  of  cancer  cells  (Appendix 
#7).  Additional  homozygous  deletions  have  been  more  recently  identified  by  high-density  250K  SNP 
array  analysis  and  currently  we  are  pinpointing  the  culprit  tumor  suppressors  within  the  regions 
harboring  homozygous  deletion.  We  identified  homozygous  deletion  in  several  well-known  tumor 
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suppressor  genes  including  CDKN2A/B,  RBI,  and  pTEN.  We  also  identify  a  frequently  deleted 
region  at  chrlp  that  signatures  low-grade  ovarian  carcinoma.  Our  functional  study  indicated  Mi34a 
can  be  the  culprit  tumor  suppressor  gene  located  at  chrlp.  The  above  results  were  recently 
published  in  Cancer  Research  (Appendix  #19).  Furthermore,  we  have  one  manuscript  describing 
the  genomic  landscape  of  ovarian  clear  cell  tumor  and  its  comparison  to  other  types  of  ovarian 
cancer  that  is  in  revision  in  Clinical  Cancer  Research. 

With  this  study  kindly  supported  by  DoD,  we  were  able  to  obtain  additional  research  funding 
from  NCI  and  American  Cancer  Society. 

Task  2.  To  analyze  genome-wide  mRNA  expression  in  the  same  tumors  studied  in  AIM  1. 

It  is  expected  that  each  amplicon  identified  in  Aim  1  harbored  only  one  or  few  oncogenes(s)  among 
hundreds  of  co-amplified  “passenger”  genes  that  were  not  involved  in  tumorigenesis.  In  order  to 
distinguish  the  “driver”  genes  from  the  “passenger”  genes  and  thus  narrow  down  the  candidate 
oncogenes  list,  we  proposed  to  correlate  the  gene  amplification  and  expression  in  the  same  tumors. 
The  rationale  is  that  oncogenes  that  are  amplified  are  always  over-expressed  at  mRNA  and  protein 
levels.  In  contrast,  the  co-amplified  “passenger”  genes  that  are  unrelated  to  tumor  development  are 
less  likely  to  be  over-expressed  (Kinzler  and  Vogelstein,  2002).  We  performed  bioinformatics  to 
search  for  all  annotated  genes  in  each  amplicon,  used  the  Primer  3  program  to  design  PCR 
primers,  and  performed  quantitative  real-time  PCR  for  all  the  genes  within  each  amplicon  for  the 
tumors  with  specific  amplification.  The  result  is  further  analyzed  in  Task  3.  The  outcome  of  this  task 
was  published  and  please  see  Appendix  #1  &  #4  for  details. 

Task  3.  To  generate  transcriptome  map  and  compare  to  genomic  map  to  identify  the  genes 
with  both  amplification  and  over-expression  in  the  same  tumor  samples. 

The  data  derived  from  Task  2  was  used  to  generate  a  heat  map  and  transcriptome  results  from 
amplified  tumors  were  compared  with  non-amplified  tumors.  Wilcoson  test  was  performed  to 
compute  the  difference  between  these  two  groups.  Genes  with  most  statistical  difference  was 
prioritized  for  further  studies.  Using  this  approach,  we  successfully  analyzed  the  chrl  1  q  1 3.2  and 
ch19p13  amplicons  and  identified  potential  driver  gene,  Rsfl  and  Notch3,  in  each  amplicon, 
respectively.  The  outcome  of  this  task  was  published  in  Appendix  #1  &  #4. 


Task  4.  To  identify  somatic  mutations  in  candidate  genes  with  both  amplification  and  over¬ 
expression. 

We  have  performed  mutational  analysis  for  the  candidate  genes  with  the  chrl  1  q  1 3.2  and  chr19p13 
amplicons  including  Notch3,  Rsfl,  PAK4  and  Gab2  in  a  panel  of  24  purified  ovarian  carcinomas. 
However,  no  somatic  mutation  was  identified  indicating  that  sequence  mutation  is  a  rare  event  as 
compared  to  gene  amplification. 

In  addition,  we  have  performed  mutation  analysis  in  the  TP53  and  kinase  gene  families  using  a 
high  throughput  platform  in  a  series  of  ovarian  serous  tumors.  We  specifically  focus  on  the  kinase 
genes  in  which  the  mutations  have  been  identified  in  human  cancer  and  the  inhibitors  are  available 
in  clinical  trials  for  other  types  of  cancer.  Once  somatic  mutation  is  identified,  we  then  tested 
whether  the  compounds  that  inhibited  a  specific  kinase  pathway  can  abolish  tumor  growth  in  tumors 
that  harbored  the  specific  mutations.  We  reported  rare  somatic  mutation  in  PIK3CA  and  AKT2,  while 
gene  amplification  at  the  loci  of  both  genes  was  common  in  ovarian  serous  tumors  (Appendix  #8).  In 
addition,  taking  advantage  of  purified  tumor  cells,  we  re-evaluated  mutation  frequency  of  TP53  in 
high-grade  ovarian  carcinoma  and  found  the  frequency  was  approaching  80%,  placing  TP53  as  the 
most  significant  tumor  suppressor  gene  in  high-grade  ovarian  carcinomas  (Appendix  #13). 

More  recently,  we  have  analyzed  mutational  status  of  KRAS,  BRAF,  PIK3CA,  TP53,  PTEN 
and  CTNNB1  in  a  panel  of  ovarian  clear  cell  carcinomas  (CCC)  and  identified  a  mutation  frequency 
of  PIK3CA  of  46%  when  purified  tumor  samples  and  cell  lines  were  analyzed.  This  finding  indicated 
that  the  importance  of  PIK3CA  in  CCC  and  targeting  this  pathway  may  be  a  more  effective  therapy 
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than  current  chemotherapeutic  agents  for  patients  with  ovarian  clear  cell  carcinoma.  The  outcome  of 
this  task  is  published  in  American  Journal  of  Pathology  (Appendix  #18). 


Key  Research  Accomplishments 

•  Perform  digital  karyotyping  and  high  density  SNP  array  analysis  on  more  than  80  purified 
ovarian  carcinomas  and  identify  novel  discrete  genomic  alterations.  Part  of  the  SNP  array 
database  has  been  deposited  in  a  public  accessible  web-link. 

•  Perform  large  scale  FISH  analysis  on  seven  of  the  most  frequently  amplified  chromosomal 
loci  including  CCNE1,  AKT2,  Notch3,  Rsf-1,  PIK3CA,  and  chr12p13.  Demonstrate  Rsfl  gene 
amplification  correlated  with  worse  disease  outcome.  Establish  the  database  of  chromosomal 
amplification  in  ovarian  carcinoma. 

•  Transcription  and  functional  analysis  of  Rsf-1  as  the  cancer  associated  genes,  identify  its 
interaction  with  another  chromatin  remodeling  protein,  hSNF2H,  is  critical  for  its  tumor 
promoting  property  and  is  related  to  resistance  to  taxol. 

•  Transcription  and  functional  analysis  of  Notch3,  its  receptor  ligand,  and  its  downstream  target 
genes  in  ovarian  cancer. 

•  Mutational  analysis  of  kinase  gene  family  including  PIK3CA  and  AKT2.  So  far,  somatic 
mutation  was  identified  in  KRAS,  BRAF,  PIK3CA,  and  ERBB2.  Identify  frequent  PIK3CA 
mutations  in  ovarian  clear  cell  carcinoma. 

•  Obtain  genomic  deletion  profiles  and  identify  frequent  deletions  of  CDKN2A/B,  RBI ,  and 
pTEN,  candidate  tumor  suppressors  of  ovarian  carcinoma. 


Reportable  Outcomes 

Articles  published  during  the  entire  funding  period  (January,  2007-current) 

•  l-M  Shih,  J  J-C  Sheu,  A  Santillan,  K  Nakayama,  M  J  Yen,  R  E.  Bristow,  R  Vang,  G 
Parmigiani,  RJ  Kurman,  CG  Trope,  B  Davidson  and  T-L  Wang  (2005)  Amplification  of  a 
Chromatin  Remodeling  Gene,  Rsf-1/HBXAP,  in  Ovarian  Carcinoma.  Proc  Natl  Acad  Sci 
USA  99:  3076-3080. 

•  IM  Shih  and  T-L  Wang  (2005)  Exploring  cancer  genome  using  innovative  technologies.  Curr 
Opin  Oncol,  17:33-38.  (review) 

•  K  Nakayama,  N  Nakayama,  B  Davidson,  JJ  Sheu,  N  Jinawath,  A  Santillan,  R  Salani,  RE 
Bristow,  PJ  Morin,  RJ  Kurman,  T-L  Wang,  IM  Shih  (2006)  A  BTB/POZ  protein,  NAC-1,  is 
related  to  tumor  recurrence  and  is  essential  for  tumor  growth  and  survival.  Proc  Natl  Acad 
Sci  US  A.  103:18739-44 
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A  centralized  web  deposit  of  digital  karyotyping  data  is  initiated  by  the  Cancer  Genome 
Anatomy  Project,  NCI  (http://cgap-stage.nci.nih.gov/SAGE/DKViewHome).  All  the  sequence  tags 
from  each  digital  karyotyping  libraries  can  be  retrieved  from  this  website  and  the  browser  provides 
bioinformatics  tools  to  analyze  the  DNA  copy  number  alterations  using  varying  parameters,  including 
window  scales,  and  size  and  fold  of  alterations.  Currently  there  are  libraries  deposited  and  in  the 
future  all  the  data  generated  from  this  project  will  be  publicly  available  at  this  web  link. 

For  SNP  array  database,  we  have  deposited  10K  array  data  onto  URL  web  link  at  Johns 
Hopkins  University.  The  link  is: 

https://ishare.iohnshopkins.edu/twanq16/10K%20SNP%20array%20Data 

These  data  are  publicly  accessible  to  general  audiences. 
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Conclusions 


Ovarian  epithelial  tumor  is  the  most  common  and  most  lethal  type  of  gynecologic  malignancy. 
The  main  purpose  of  this  project  is  to  delineate  the  genomic  alterations  in  ovarian  serous  tumors  and 
identity  the  genes  that  contribute  to  tumor  progression.  We  have  accomplished  all  of  the  tasks 
proposed  in  the  timetable.  Because  of  the  low  cost  associated  with  high-density  SNP  array  analysis, 
we  are  able  to  perform  analysis  on  43  additional  purified  ovarian  tumors  using  10K  SNP  array 
platform  and  37  purified  tumor  samples  using  250K  SNP  array  platform.  As  a  result,  an  array  of 
novel  genomic  alterations  was  identified. 

We  had  performed  detailed  transcriptome  analysis  of  1 1  q  1 3  and  1 9p1 3  amplicons  and 
identified  Rsf-1  and  Notch3  as  the  genes  with  most  consistent  gene  amplification  and 
transcript/protein  up-regulation.  Furthermore,  survival  data  showed  that  the  patients  with  Rsf-1 
amplification  fared  worse  than  patients  without  the  ramped-up  genes.  The  function  of  Rsf-1  and 
Notch3  in  proliferation  was  also  established  by  RNAi  knock-down  assays.  Currently  we  are  studying 
the  mechanism  of  these  two  oncogenic  pathways  in  ovarian  carcinoma. 

Our  genome  scan  also  identified  deleted  regions  in  ovarian  cancer  genome.  We  had 
characterized  a  region  with  frequent  homozygous  deletion  at  1 7p1 2.  This  region  harbors  a  candidate 
tumor  suppressor:  MKK4.  Function  study  by  others  as  well  as  by  us  suggested  that  MKK4  could 
suppress  the  metastasis  potential  of  cancer  cells.  Additional  homozygous  deletions  have  been  more 
recently  identified  by  high-density  250K  SNP  array  analysis  and  we  are  currently  pinpointing  the 
culprit  tumor  suppressors  within  the  regions  with  homozygous  deletion. 

Implications  and  significance  of  the  accomplished  research  findings:  This  proposal  represents 
a  relatively  comprehensive  analysis  of  molecular  genetic  changes  in  ovarian  carcinomas.  Our  data 
implies  that  genome-wide  analyses  and  tools  are  useful  in  identifying  novel  amplified  and  deleted 
genes  in  ovarian  cancer.  The  reported  unique  molecular  genetic  landscape  in  ovarian  neoplasm  can 
be  a  roadmap  for  future  studies  aiming  at  elucidating  molecular  pathogenesis,  as  well  as  in 
developing  new  diagnostic  test  and  target-based  therapy. 
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A  genomewide  technology,  digital  karyotyping,  was  used  to  iden¬ 
tify  subchromosomal  alterations  in  ovarian  cancer.  Amplification 
at  11q13.5  was  found  in  three  of  seven  ovarian  carcinomas,  and 
amplicon  mapping  delineated  a  1.8-Mb  core  of  amplification 
that  contained  13  genes.  FISH  analysis  demonstrated  amplification 
of  this  region  in  13.2%  of  high-grade  ovarian  carcinomas  but  not 
in  any  of  low-grade  carcinomas  or  benign  ovarian  tumors.  Com¬ 
bined  genetic  and  transcriptome  analyses  showed  that  Rsf-1 
(HBXAPalpha)  was  the  only  gene  that  demonstrated  consistent 
overexpression  in  all  of  the  tumors  harboring  the  11q13.5  ampli¬ 
fication.  Patients  with  Rsf-1  amplification  or  overexpression  had  a 
significantly  shorter  overall  survival  than  those  without.  Over¬ 
expression  of  Rsf-1  gene  stimulated  cell  proliferation  and  trans¬ 
form  nonneoplastic  cells  by  conferring  serum-independent  and 
anchorage-independent  growth.  Furthermore,  Rsf-1  gene  knock¬ 
down  inhibited  cell  growth  in  OVCAR3  cells,  which  harbor  Rsf-1 
amplification.  Taken  together,  these  findings  indicate  an  important 
role  of  Rsf-1  amplification  in  ovarian  cancer. 

digital  karyotyping  j  gene  amplification  |  oncogene 

Gene  amplification  is  a  common  mechanism  underlying  onco¬ 
genic  activation  in  human  cancer  (1).  Amplifications  of  cyclin 
E,  HER2/neu,  AKT2,  and  L-Myc  have  been  reported  in  ovarian 
cancer,  and  it  is  expected  that  many  unknown  oncogenic  amplifi¬ 
cations  remain  to  be  identified.  Recent  advances  in  molecular 
genetic  techniques  and  the  success  of  the  human  genome  assembly 
have  provided  investigators  new  opportunities  to  explore  cancer 
genome  in  great  details  and  to  identify  novel  cancer-associated 
genes.  Digital  karyotyping  has  recently  been  developed  to  provide 
a  genomewide  analysis  of  DNA  copy  number  alterations  at  high 
resolution  (2)  and  has  been  applied  in  cancer  genetic  studies  (3-6). 
The  principle  of  digital  karyotyping  is  based  on  extracting  and 
counting  the  21-bp  sequence  tags  that  represent  different  loci  in 
human  genome.  Populations  of  tags  can  be  directly  matched  to  the 
unique  loci  in  genome  assembly,  and  digital  enumeration  of  tags 
provides  quantitative  measure  of  DNA  copy  number  along  chro¬ 
mosomes.  The  major  advantage  of  digital  karyotyping  is  that  it 
directly  counts  the  sequence  tags,  thus  providing  an  unbiased  and 
precise  digital  readout  of  DNA  copy  numbers.  The  current  study 
has  applied  this  new  technology  to  search  for  DNA  copy  number 
alterations  in  high-grade  ovarian  serous  carcinoma,  the  most  com¬ 
mon  and  lethal  type  of  ovarian  cancer. 

Materials  and  Methods 

Tissue  Samples.  Tissue  samples  were  obtained  from  the  Department 
of  Pathology  at  The  Johns  Hopkins  Hospital  between  1990  and 
2004.  Effusion  (peritoneal  and  pleural)  samples  were  obtained 
from  the  Norwegian  Radium  Hospital  in  Norway.  All  ovarian 
carcinomas  were  of  serous  type  from  sporadic  cases.  Acquisition  of 
tissue  specimens  and  clinical  information  was  approved  by  an 
institutional  review  board  (The  Johns  Hopkins  University)  or  by  the 
Regional  Ethics  Committee  (Norway). 
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Digital  Karyotyping.  Carcinoma  cells  were  affinity  purified  by  using 
magnetic  beads  conjugated  with  the  Epi-CAM  antibody  (Dynal, 
Oslo).  The  purity  of  tumor  cells  was  confirmed  by  immunostaining 
with  an  anti-cytokeratin  antibody,  CAM  5.2  (Becton  Dickinson, 
San  Jose,  CA)  and  samples  with  greater  than  95%  epithelial  cells 
were  used  in  this  study.  Digital  karyotyping  library  construction  and 
data  analysis  were  performed  by  following  the  protocol  in  refs.  2 
and  3.  Approximately  120,000  genomic  tags  were  obtained  for  each 
digital  karyotyping  library.  After  removing  the  nucleotide  repeats 
in  the  human  genome,  the  average  of  filtered  tags  was  66,000  for 
each  library.  We  set  up  a  window  size  of  300  for  the  analysis  in  this 
study.  Based  on  Monte  Carlo  simulation,  the  parameters  used  in 
this  study  can  reliably  detect  >0.5-Mb  amplicon  with  >5-fold 
amplification  with  >99%  sensitivity  and  100%  positive  predictive 
value. 

FISH  and  Immunohistochemistry.  Formalin-fixed,  paraffin- 
embedded  tissues  were  arranged  onto  tissue  microarrays  to  facili¬ 
tate  FISH  analysis.  Three  representative  cores  (1.5-mm  diameter) 
from  each  tumor  were  placed  on  the  tissue  microarrays.  Bacterial 
artificial  chromosome  clones  containing  the  genomic  sequences  of 
the  llql3.5  amplicon  at  77.05-77.23  Mb  (RP11-1107J12)  and 
EMSY  at  75.88-76.09  Mb  (CTD-2501F13)  were  purchased  from 
Bacpac  Resources  (Children’s  Hospital  Oakland,  CA)  and  Invitro- 
gen  (Carlsbad,  CA),  respectively.  The  RP11-846G12  bacterial 
artificial  chromosome  clone,  located  at  llqll  (55.88-56.05  Mb), 
was  used  as  the  control  probe.  The  method  for  FISH  has  been 
detailed  in  ref.  3.  Two  individuals  who  were  not  aware  of  the  tumor 
grade  and  clinical  information  evaluated  FISH  signals.  Approxi¬ 
mately  100  tumor  cells  were  examined  for  each  specimen.  Ampli¬ 
fication  of  the  Rsf-1  and  EMSY  genes  was  defined  as  a  ratio  of  the 
gene  probe  signal  to  the  control  probe  signal  exceeding  2. 

A  mouse  monoclonal  anti-Rsf-1  antibody  (gift  from  Danny 
Reinberg,  University  of  Medicine  and  Dentistry  of  New  Jersey, 
Piscataway,  NJ)  was  used  in  the  immunohistochemistry  study. 
Immunohistochemistry  was  performed  by  standard  protocol  with 
an  EnVision + System  peroxidase  kit  (DAKO,  Carpinteria,  CA). 

Quantitative  Real-Time  PCR.  Real-time  PCR  for  genomic  DNA  copy 
numbers  and  gene  expression  levels  was  performed  by  using 
methods  described  in  ref.  7,  and  PCR  primers  were  listed  in  the 
Tables  1  and  2,  which  are  published  as  supporting  information  on 
the  PNAS  web  site.  PCR  reactions  were  performed  by  using  an 
iCycler  (Bio-Rad,  Hercules,  CA).  For  quantitative  PCR  performed 
with  genomic  DNA,  we  used  a  cutoff  ratio  of  2.2  to  define  genomic 
amplification.  This  cutoff  value  was  determined  as  the  mean  +  2 
standard  deviations  based  on  quantitative  PCR  analyses  of  normal 


This  paper  was  submitted  directly  (Track  II)  to  the  PNAS  office. 

Abbreviations:  OSE,  ovarian  surface  epithelial;  shRNA,  short  hairpin  RNA;  siRNA,  short 
interfering  RNA. 
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Fig.  1.  Identification  of  the  1 1  q  1 B. 5  amplicon  in 
ovarian  cancers,  (a)  Digital  karyotyping  identified 
three  ovarian  carcinomas  that  contained  discrete  am¬ 
plifications  at  1 1  q  1 3 .5  region.  Alignment  of  the  am- 
plicons  revealed  a  common  region  of  amplification 
(blue  line  in  Bottom)  spanning  from  76.6  Mb  to  78.4 
Mb  at  chromosome  1 1  q .  Red  and  green  arrows  indi¬ 
cate  the  physical  locations  of  EMSY  and  Rsf-1,  respec¬ 
tively.  (b)  Validation  of  1 1  q  1 3. 5  amplification  was  per¬ 
formed  by  FISH  analysis  in  the  same  three  tumors  by 
using  a  probe  (green)  located  within  the  minimal  am¬ 
plicon  of  1 1  q  1 3. 5  and  a  control  probe  (red)  located  at 
1 1  q  1 1  (21  Mb  centromeric  to  the  minimal  amplicon). 
(c)  1 1  q  1 3. 5  amplification  was  further  validated  in  the 
three  tumors  by  using  quantitative  real-time  PCR  on 
genomic  DNA.  For  each  tumor,  an  increase  in  the  DNA 
copy  number  (y  axis)  is  present  at  a  specific  subchro- 
mosomal  region  that  corresponds  to  the  amplification 
identified  by  digital  karyotyping.  The  dashed  line  in¬ 
dicates  a  cutoff  of  2.2  that  represents  the  threshold  for 
amplification  with  a  confidence  level  of  97.5%. 


diploid  cells  by  using  all  of  the  primer  sets.  This  cutoff  value  gave 
a  confidence  level  of  97.5%. 

Cell  Proliferation  Assay.  Cells  were  seeded  in  96-well  plates  at  a 
density  of  4,000  cells  per  well.  The  cell  number  was  determined 
indirectly  by  the  fluorescence  intensity  of  SYBR  Green  I  nucleic 
acid  gel  stain  (Molecular  Probes,  Eugene,  OR)  by  using  a  micro¬ 
plate  reader  (Fluostar,  BMG,  Durham,  NC).  Data  were  expressed 
as  the  mean  ±  1  standard  deviation  from  five  replicates  in  each 
experimental  group.  Anchorage-independent  growth  assay  was 
performed  as  described  in  ref.  8.  Data  were  expressed  as  the 
mean  ±  1  standard  deviation  from  triplicates. 

Short  Interfering  RNA  (siRNA)-Mediated  Knockdown  of  Rsf-1  Expres¬ 
sion.  Three  siRNAs  that  targeted  Rsf-1  were  designed  and  their 
sense  sequences  were  as  follows:  GGAAAGACAUCUCUAC- 
UAUUU,  UA A AU GAU CU GGACAGU GAUU,  and  GGACU- 
UACCUUCAACCAAUUU.  Control  siRNA  (off-target  control, 
catalog  no.  D-001210-02-05)  was  purchased  from  Dharmacon 
(Lafayette,  CO).  Cells  were  seeded  in  96  wells  and  transfected  with 
siRNAs  by  using  oligofect amine  (Invitrogen).  BrdUrd  uptake  and 
staining  were  performed  by  using  a  cell  proliferation  kit  (Amer- 
sham  Pharmacia,  Buckinghamshire,  U.K.).  Apoptotic  cells  were 
detected  by  using  an  annexin  V  staining  kit  (BioVision,  Mountain 
View,  CA).  The  percentage  of  BrdUrd-positive  and  annexin  V 
positive  cells  was  determined  by  counting  =300  cells  from  each  well 
in  96-well  plates.  The  data  were  expressed  as  mean  ±  1  standard 
deviation  from  triplicates. 


Statistical  Method  for  Clinical  Correlation.  Overall  survival  was 
calculated  from  the  date  of  the  primary  surgery  for  ovarian  tumors 
to  the  date  of  death  or  last  followup.  Patients  with  Rsf-1  amplifi¬ 
cation  and  without  amplification  had  similar  age  distributions  and 
received  optimal  tumor  debulking  surgery,  followed  by  carboplatin 
and  taxol-based  chemotherapy.  The  data  were  plotted  as  Kaplan- 
Meier  curves,  and  the  statistical  significance  was  determined  by  the 
Log-rank  test.  Data  were  censored  when  patients  were  lost  to 
followup.  In  a  Cox  proportional  hazard  model,  the  P  values  were 
assessed  by  using  a  likelihood  ratio  test  as  implemented  by  the 
“survival”  package  in  the  statistical  programming  language  R 
(www.r-project.org).  Student  t  test  was  used  to  examine  the  statis¬ 
tical  significance  in  the  difference  of  growth  assay  data. 

Results 

Digital  Karyotyping  of  Ovarian  Carcinomas.  Digital  karyotyping  was 
used  to  evaluate  the  genomic  alterations  in  seven  ovarian  cancer 
samples,  including  six  high-grade  ovarian  serous  carcinomas  and 
one  ovarian  cancer  cell  line,  OVCAR3.  Analysis  of  the  genomic  tag 
densities  along  chromosomes  revealed  a  discrete  amplification  at 
chromosome  llql3.5  in  three  libraries,  including  two  high-grade 
ovarian  carcinomas  and  the  OVCAR3  cell  line.  No  evidence  of 
other  amplification  cores  was  detected  in  chromosome  1 1  in  any  of 
the  ovarian  cancer  libraries  (Fig.  6,  which  is  published  as  supporting 
information  on  the  PNAS  web  site).  Alignment  of  these  three 
amplicons  delineated  an  overlapping  region  of  amplification,  span¬ 
ning  from  76.6  to  78.4  Mb  on  the  chromosome  llq  (Fig.  la). 
Examination  of  the  RefSeq  database  in  the  human  genome  assem- 
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bly  (July  2003  freeze,  University  of  California,  Santa  Cruz)  revealed 
that  13  genes  were  completely  located  within  the  minimal  amplicon 
(Fig.  7,  which  is  published  as  supporting  information  on  the  PNAS 
web  site).  EMSY  gene,  which  has  recently  been  reported  as  a 
candidate  oncogene  in  breast  and  ovarian  carcinomas,  was  located 
at  76  Mb  (9),  close  to  but  outside  the  minimal  region  of  the 
amplification  (Fig.  la).  Two  methods  were  used  to  validate  the 
digital  karyotyping  results.  First,  dual-color  FISH  was  performed  to 
validate  the  llql3.5  amplification  in  these  three  tumors  by  using  a 
bacterial  artificial  chromosomes  probe  located  at  the  llql3.5 
minimal  amplicon  (Fig.  7)  and  a  control  probe  located  at  llqll  (21 
Mb  centromeric  to  the  minimal  amplicon).  As  shown  in  Fig.  lb,  we 
found  that  all  three  amplified  tumors  defined  by  digital  karyotyping 
showed  distinct  llql3.5  amplification.  Second,  quantitative  real¬ 
time  PCR  was  performed  to  measure  the  DNA  copy  numbers  at  12 
loci  flanking  and  within  the  amplicon,  including  the  EMSY  gene  in 
these  three  tumors  (Fig.  lc).  We  found  that  increases  in  the  DNA 
copy  number  were  present  at  subchromosomal  regions  similar  to 
the  amplifications  delineated  by  digital  karyotyping.  Furthermore, 
the  fold  of  DNA  copy  number  increase  detected  by  quantitative 
PCR  is  at  similar  levels  to  that  of  digital  karyotyping.  A  cutoff  ratio 
of  2.2  was  used  to  search  for  amplifications  with  >97.5%  confi¬ 
dence,  and  the  delineated  common  region  of  amplification  (from 
Loc220032  locus  to  FLJ23441  locus)  was  consistent  with  that 
derived  from  digital  karyotyping. 

To  determine  the  frequency  of  the  llql3.5  minimal  amplicon,  we 
performed  dual-color  FISH  on  211  paraffin-embedded  ovarian 
tissue  specimens  by  using  the  FISH  probe  located  at  the  minimal 
amplicon  and  the  control  FISH  probe  that  is  the  same  as  described 
above  (located  on  llqll).  The  advantage  of  selecting  the  control 
FISH  probe  on  the  same  chromosomal  arm  as  the  minimal  ampli¬ 
con  is  that  it  could  facilitate  distinguishing  chromosome  duplication 
from  gene  amplification,  the  latter  involving  smaller  subchromo¬ 
somal  region  (10).  Using  this  method,  we  found  llql3.5  amplifi¬ 
cation  in  16  of  121  (13.2%)  high-grade  serous  carcinomas.  In 
contrast,  llql3.5  gene  amplification  was  not  detected  in  any  of  40 
low-grade  serous  carcinomas,  14  serous  borderline  tumors,  19 
benign  cystadenomas,  and  17  normal  ovaries.  Thus,  llql3.5  am¬ 
plification  was  detected  exclusively  in  high-grade  serous  carcino¬ 
mas.  Among  the  16  tumors  with  llql3.5  amplification,  5  cases 
showed  a  homogeneous  staining  region  pattern,  3  cases  showed  a 
high  level  gain  (>4.5-fold),  and  the  remaining  8  tumors  exhibited 
a  moderate  gain  (between  2.5-  and  4-fold).  It  should  be  noted  that 
in  addition  to  the  16  tumors  with  discrete  amplification,  we  ob¬ 
served  llq  polysomy  in  another  14  tumors  based  on  an  equal 
number  of  signals  for  both  llql3.5  and  control  probes.  These 
tumors  were  not  considered  to  have  amplification  specific  to  the 
llql3.5  region  in  this  study. 

To  further  elucidate  the  physical  relationship  between  EMSY 
and  the  minimal  amplicon,  we  performed  dual-color  FISH  in  the 
same  set  of  tumor  samples  by  using  EMSY  probe  and  same  control 
probe.  We  found  that  EMSY  was  amplified  in  12  of  117  (10.3%) 
high-grade  serous  carcinomas  that  were  available  for  analysis.  All 
12  EMSY  amplified  carcinomas  also  demonstrated  amplification  at 
llql3.5  minimal  amplicon.  Conversely,  4  of  the  16  carcinomas  that 
contained  llql3.5  minimal  region  amplification  did  not  harbor 
EMSY  amplification  (Fig.  8,  which  is  published  as  supporting 
information  on  the  PNAS  web  site).  This  result  indicated  that 
llql3.5  minimal  amplicon  is  more  frequently  amplified  than  its 
neighborhood  region  that  contained  EMSY  gene  in  high-grade 
serous  carcinomas. 

Transcript  Analysis  of  the  11q13.5  Minimal  Amplicon.  To  identify  the 
potential  amplified  oncogene  within  the  llql3.5  amplicon,  we 
applied  an  approach  based  on  the  rationale  that  a  tumor-driving 
gene,  when  amplified,  almost  always  overexpresses  to  activate  the 
tumorigenic  pathway,  whereas  coamplified  “passenger”  genes  that 
are  unrelated  to  tumor  development  may  or  may  not  do  so  (10). 


Fig.  2.  Gene  expression  analysis  of  the  1 1  q  1 3.5  amplicon  in  ovarian  tumors. 
Quantitative  real-time  PCR  was  performed  for  all  13  genes  located  within  the 
minimal  amplicon  in  benign  cystadenomas,  low-grade  ovarian  carcinomas 
and  high-grade  ovarian  carcinomas  with  or  without  1 1  q  1 3.5  amplification. 
The  expression  level  of  each  gene  (left  to  right:  centromeric  to  telomeric)  in 
individual  specimen  is  shown  as  a  pseudocolor  gradient  based  on  the  relative 
expression  level  of  a  given  specimen  to  the  normal  ovarian  surface  epithelium. 
(Right)  The  amplification  status  of  Rsf-1,  EMSY,  and  the  llqll  (control  locus 
for  FISH)  for  each  specimen  was  determined  by  FISH  analysis.  Filled  circles 
indicate  amplification,  and  open  circles  indicate  no  amplification. 

Therefore,  we  searched  for  genes  with  both  DNA  amplification  and 
transcript  up-regulation  in  the  same  tumor  samples.  Ten  high-grade 
ovarian  carcinomas  that  contained  llql3.5  amplification  and  had 
their  frozen  tissues  available  were  analyzed  by  quantitative  real¬ 
time  PCR  to  assess  mRNA  levels  in  all  of  the  genes  within  the 
minimal  amplicon.  The  same  assay  was  also  performed  in  six  benign 
cystadenomas,  10  serous  borderline  tumors,  and  36  high-grade 
carcinomas  that  did  not  contain  llql3.5  amplification.  Freshly 
brushed  ovarian  surface  epithelium  (kind  gift  from  M.  J.  Birrer, 
National  Cancer  Institute,  Rockville,  MD),  which  has  been  con¬ 
sidered  as  an  appropriate  normal  control,  was  used  for  normaliza¬ 
tion  of  gene  expression  (11).  We  used  the  Wilcoxon  test  to  compute 
and  compare  the  difference  in  gene  expression  levels  between 
llql3.5  amplified  versus  nonamplified  high-grade  carcinomas.  We 
found  that  among  the  genes  within  the  minimal  amplicon,  Rsf-1 
(HBXAP)  had  the  most  significant  difference  (P  =  8.5  X  10-6)  in 
expression  levels  between  llql3.5  amplified  and  nonamplified 
specimens.  Furthermore,  Rsf-1  was  the  only  gene  demonstrating 
consistent  overexpression  among  the  amplified  tumors.  Accord¬ 
ingly,  Rsf-1  was  prioritized  for  further  characterization  in  this  study. 
EMSY  mRNA  levels  were  also  measured  in  parallel.  We  observed 
that  although  the  EMSY  gene  was  coamplified  in  eight  of  the  tested 
samples,  its  RNA  level  was  not  consistently  up-regulated  as  five  of 
the  tumors  that  harbored  EMSY  amplification  down-regulated 
EMSY  mRNA  expression  (Fig.  2). 

Correlation  of  Rsf-1  Protein  Overexpression  and  Gene  Amplification. 

To  demonstrate  a  more  comprehensive  correlation  between  Rsf-1 
gene  amplification  and  protein  expression,  we  performed  immu- 
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Fig.  3.  Correlation  of  Rsf-1  DNA  copy  numbers  and  Rsf-1  protein  expression  in  high-grade  ovarian  carcinomas,  (a)  The  specificity  of  the  anti-Rsf-1  antibody  is 
demonstrated  by  Western  blot  analysis.  293,  human  embryonic  kidney  (HEK)  293  cells;  293T,  HEK293  cells  transfected  with  a  full-length  Rsf-1  gene.  A 
predominant  band  of  Rsf-1  protein  at  215  kDa  that  represents  the  full-length  Rsf-1  gene  is  detected  in  293T  cells.  The  faint  lower  band  represents  the  degradation 
product  of  Rsf-1  protein.  Endogenous  Rsf-1  expression  is  also  observed  in  293  cells  but  not  in  OSE  cells.  (Lower)  The  GAPDH  expression  as  the  loading  control. 
( b  Left)  A  high-grade  carcinoma  shows  weak  Rsf-1  immunoreactivity  (1+)  and  does  not  display  Rsf-1  gene  amplification.  (Right)  A  high-grade  tumor 
demonstrates  an  intense  Rsf-1  immunoreactivity  (4+)  and  displays  Rsf-1  gene  amplification,  (c)  Rsf-1  protein  expression  correlates  with  the  Rsf-1  gene  copy 
number  in  high-grade  ovarian  carcinomas.  Tumors  with  the  highest  copy  number  of  Rsf-1  DNA  [manifested  as  homogenous  staining  regions  (HSR)]  express  the 
highest  level  of  Rsf-1  protein  (4+).  Tumors  that  lack  Rsf-1  amplification  demonstrate  weak  to  moderate  Rsf-1  immunoreactivity  (1  +  and  2+).  Each  dot  represents 
an  individual  specimen.  Among  16  amplified  tumors,  there  are  15  available  for  immunohistochemistry. 


nohistochemistry  with  an  anti-Rsf-1  monoclonal  antibody  on  the 
same  panel  of  tissues  used  in  FISH  analysis.  The  specificity  of  the 
Rsf-1  monoclonal  antibody  has  been  demonstrated  in  ref.  12  and 
was  independently  confirmed  in  this  study  (Fig.  3a).  Overall,  there 
was  a  statistically  significant  correlation  between  Rsf-1  gene  am¬ 
plification  and  Rsf-1  immunoreactivity  (P  <  0.001,  Spearman 
correlation).  We  found  that  llql3.5  nonamplified  tumors  demon¬ 
strated  either  weak  (1+,  21%  of  tumors)  or  moderate  (2+,  74%  of 
tumors)  Rsf-1  immunoreactivity  (Fig.  3  b  and  c).  In  contrast,  all  of 
the  tumors  with  Rsf-1  amplification  demonstrated  an  immunoin- 
tensity  of  2 +-4+,  with  the  most  intense  immunoreactivity  (4+) 
found  in  those  with  a  homogeneous  staining  region  pattern  ( n  =  5) 
and  a  strong  immunoreactivity  (3+,  n  =  6)  found  in  those  with 
high-fold  DNA  gain  (3-  to  5-fold)  (Fig.  3  b  and  c).  Four  tumors  with 
mild  gain  (2-  to  3.5-fold)  in  the  Rsf-1  DNA  copy  number  demon¬ 
strated  moderate  immunointensity  (2+),  and,  thus,  they  were 
similar  to  the  majority  of  the  high-grade  tumors  without  Rsf-1 
amplification.  This  finding  is  likely  attributed  to  the  semiquantita- 
tive  nature  inherent  to  immunohistochemistry  in  scoring  mild  to 
moderate  immunointensity  because  such  limitation  in  scoring 
Her2/neu  immunointensity  has  been  reported  in  ref.  13. 

Clinical  Significance  of  11q13.5  Amplification  and  Rsf-1  Overexpres¬ 
sion.  Amplification  of  the  Rsf-1  locus  and  Rsf-1  overexpression 
were  correlated  with  clinical  outcome  in  patients  with  high-grade 
ovarian  serous  carcinoma.  Because  the  FISH  probe  used  to  assess 
llql3.5  amplification  contained  the  whole  Rsf-1  coding  region 
(Fig.  7),  it  allowed  us  to  use  the  same  FISH  data  and  analyze  the 
clinical  significance  of  Rsf-1  amplification.  A  total  of  107  of  121 
patients  were  available  for  survival  analysis.  The  other  14  tumors 
harboring  chromosome  llq  polysomy  were  excluded  in  the  analysis 
because  polysomy  was  considered  as  duplication  of  chromosomal 
arms  or  large  genomic  segments  and  could  not  simply  be  grouped 
to  either  Rsf-1  amplified  or  nonamplified  cases. 

We  found  that  all  107  patients  had  advanced  stage  high-grade 
serous  carcinomas  (the  majority  at  FIGO  stage  III).  Among  them, 
16  patients  who  had  Rsf-1  amplification  in  their  tumors  had  a 
shorter  overall  survival  compared  with  those  without  amplification 
( P  =  0.015;  Log  rank  test)  (Fig.  4a).  The  median  overall  survival  was 
29  months  [95%  confidence  index  (Cl):  18.8-39.1  months]  for  the 


amplified  group  and  36  months  (95%  Cl:  24.3-47.7  months)  for  the 
nonamplified  group.  Quantitative  real-time  PCR  was  also  used  to 
measure  Rsf-1  mRNA  in  tumor  cell  pellets  from  53  effusion 
samples  that  were  not  feasible  for  FISH  analysis.  An  arbitrary  cutoff 
of  the  expression  level  (>2.4  fold  compared  with  normal  ovarian 
surface  epithelium)  was  used  to  assign  specimens  to  either  high 
expression  (n  =  11)  or  low  expression  (n  =  42)  groups.  The  results 
indicated  that  high  levels  of  Rsf-1  mRNA  expression  (>2.4  fold) 
were  correlated  with  poor  outcome  (P  =  0.037;  Log  rank  test)  (Fig. 
4 b)  with  median  overall  survival  of  19  months  (95%  Cl:  14.5-23.6) 
in  patients  with  Rsf-1  mRNA  overexpression  and  38  months  (95% 
Cl:  28.3-47.8)  in  patients  without  Rsf-1  mRNA  overexpression. 
Rsf-1  amplification  and  overexpression  appeared  as  independent 
prognostic  factors  based  on  a  multivariate  analysis  adjusted  for 
patient  age,  clinical  stage,  and  differentiation  status  of  tumor 
histology. 

To  further  test  whether  the  clinical  significance  of  Rsf-1  ampli¬ 
fication  and  overexpression  depended  on  the  arbitrary  cutoffs,  we 
performed  a  survival  analysis  by  using  continuous  variables  in  a  Cox 
proportional  hazard  model.  The  P  values  assessed  by  a  likelihood 


a  b 


Fig.  4.  Rsf-1  amplification  and  overexpression  correlate  with  shorter  overall 
survival  in  patients,  (a)  Kaplan-Meier  survival  analysis  shows  that  Rsf-1  am¬ 
plification  (solid  line,  n  =  16)  is  associated  with  a  shorter  overall  survival 
compared  with  tumors  without  Rsf-1  amplification  (dashed  line,  n  =  91)  (P  = 
0.015,  Log-rank  test).  ( b )  Quantitative  real-time  PCR  in  effusion  samples  of 
ovarian  high-grade  serous  carcinomas  demonstrates  that  Rsf-1  over¬ 
expression  (>  2.4  fold  of  normal  ovarian  surface  epithelium;  solid  line;  n  =  11) 
correlates  significantly  with  shorter  overall  survival  than  those  with  a  low 
expression  level  (<  2.4  fold;  dash  line;  n  =  42)  (P  =  0.037,  Log-rank  test). 
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Fig.  5.  Functional  analyses  of  Rsf-1  expression,  (a) 
Western  blot  analysis  shows  that  Rsf-1 -transfected  RK3E 
clones  (C-1,  -2,  and  -3)  express  Rsf-1  protein  with  a 
predominant  molecular  mass  of  21 5  kDa  that  is  similar  to 
the  endogenous  Rsf-1  protein  expressed  in  OVCAR3 
cells.  Control  RK3E  cells,  which  are  transfected  with  an 
empty  vector,  do  not  express  Rsf-1  protein.  As  compared 
with  the  control  RK3E  cells,  Rsf-1  clones  continue  prolif¬ 
erating  at  low  serum  concentrations  (0.5%  and  0.2%). 
Ob)  The  Rsf-1  clones  demonstrate  a  higher  proliferative 
activity  than  the  vector  only  control,  as  evidenced  by  a 
time-dependent  increase  in  cell  number  at  low  (0.5%) 
serum-containing  medium,  (c)  Anchorage-independent 
assay  demonstrates  that  colonies  observed  in  the  Rsf-1 
clones  are  more  than  those  in  the  vector  only  control,  (c/) 
Effects  of  Rsf-1  gene  knockdown.  Knockdown  of  Rsf-1 
significantly  reduces  cell  number  in  OVCAR3  cells  that 
harbor  Rsf-1  amplification  and  in  HeLa  cells  that  express 
Rsf-1.  In  contrast,  Rsf-1  siRNA  has  only  a  minimal  effect 
on  cell  growth  in  OSE  cellsthatdo  not  express  detectable 
Rsf-1 .  (e)  Rsf-1  targeting  siRNA  reduces  cell  proliferation 
as  measured  by  the  percentage  of  BrdUrd-positive  cells 
but  not  in  control  siRNA  or  in  nontreated  (mock  control) 
OVCAR3  cells.  The  percentage  of  apoptotic  cells  as  mea¬ 
sured  by  annexin  V  staining  is  similar  among  Rsf-1  siRNA, 
control  siRNA,  and  nontreated  OVCAR3  cells. 


ratio  test  were  0.025  for  FISH  assay  and  0.0013  for  real-time  PCR. 
These  results  further  indicated  that  Rsf-1  amplification  and  over¬ 
expression  were  significantly  correlated  with  poor  survival,  inde¬ 
pendent  of  the  cutoffs. 

In  this  study,  we  further  compared  the  statistical  significance  in 
correlating  gene  amplification  and  overexpression  with  overall 
survival  of  Rsf-1  gene  to  those  of  EMSY  gene.  For  gene  amplifi¬ 
cation,  Rsf-1  had  a  more  significant  P  value  than  that  of  EMSY 
(0.015  vs.  0.08).  Similarly,  for  gene  expression,  Rsf-1  expression  also 
had  a  more  significant  P  value  than  EMSY  expression  by  using  a  low 
stringent  cutoff  value  of  >l-fold  (0.037  vs.  0.153). 

Functional  Analyses  of  Rsf-1  Expression.  We  therefore  stably  ex¬ 
pressed  the  Rsf-1  gene  in  the  nonneoplastic  epithelial  cells,  RK3E, 
to  assess  whether  Rsf-1  expression  induced  transformation  ( Sup¬ 
porting  Methods,  which  is  published  as  supporting  information  on 
the  PNAS  web  site).  RK3E  cells  have  been  used  to  evaluate  the 
oncogenic  potential  of  GL1,  c-Myc,  and  mutant  j3-catenin  and  were 
considered  as  an  appropriate  in  vitro  model  for  oncogenic  trans¬ 
formation  (14-16).  Using  quantitative  real-time  PCR,  we  found 
that  ovarian  serous  carcinomas  predominantly  expressed  the  full- 
length  form  of  the  Rsf-1  gene  (or  HBXAPa),  therefore  RK3E  cells 
were  transfected  with  a  vector  expressing  the  full-length  Rsf-1,  and 
three  independent  clones  were  randomly  selected  for  functional 
analyses.  Western  blot  analysis  confirmed  the  Rsf-1  expression  in 
these  clones  (Fig.  5a).  All  of  the  Rsf-l-expressing  clones  prolifer¬ 
ated  better  at  very  low  (0.2%  and  0.5%)  serum  concentrations  and 
showed  a  higher  proliferative  activity  than  control  RK3E  cells 
(transfected  with  vector  alone)  based  on  increased  cell  numbers 
(Fig.  5  a  and  b )  and  BrdUrd  incorporation  (data  not  shown). 
Rsf-l-expressing  clones  grew  anchorage  independently  as  more 
colonies  were  observed  in  Rsf-l-expressing  cells  than  in  control 
cells  (Fig.  5c).  All  of  the  above  differences  were  of  statistical 
significance  (P  <  0.001,  t  test). 

To  further  determine  whether  Rsf-1  expression  was  essential  for 


cell  survival  in  cell  lines  that  overexpress  Rsf-1,  we  used  RNA 
interference  to  knock  down  Rsf-1  expression  in  three  cell  lines, 
including  OVCAR3  cells  (with  Rsf-1  amplification  and  overexpres¬ 
sion),  HeLa  cells  (without  amplification  but  with  Rsf-1  expression), 
and  ovarian  surface  epithelial  (OSE;  without  Rsf-1  amplification  or 
expression)  cells.  The  effect  of  Rsf-1  siRNA  in  suppressing  Rsf-1 
expression  was  confirmed  by  quantitative  real-time  PCR  (Fig.  9, 
which  is  published  as  supporting  information  on  the  PNAS  web 
site).  Reduction  of  Rsf-1  expression  significantly  inhibited  cell 
growth  in  Rsf-l-expressing  cells,  including  OVCAR3  and  HeLa 
cells  (Fig.  5 d,  P  <  0.001,  t  test),  with  a  more  prominent  inhibitory 
effect  in  Rsf-1  amplified  OVCAR3  cells.  In  contrast,  the  same 
treatment  did  not  affect  cell  growth  in  OSE  cells,  which  had 
minimal  Rsf-1  expression  (P  =  0.26,  t  test).  The  inhibition  of  cell 
growth  after  repressing  Rsf-1  expression  in  OVCAR3  was  likely  a 
result  of  growth  suppression  as  the  percentage  of  BrdUrd-labeled 
cells  was  significantly  decreased  in  Rsf-1  siRNA-treated  cells  as 
compared  with  control  siRNA-treated  OVCAR3  cells  (Fig.  5e,  P  < 
0.001).  In  contrast,  the  percentage  of  apoptotic  cells  as  measured  by 
annexin  V  staining  was  similar  between  the  Rsf-1  siRNA  and 
control  groups.  To  extend  the  findings  of  Rsf-1  gene  knockdown  in 
vitro,  we  transfected  OVCAR3  cells  with  Rsf-1  short  hairpin  RNA 
(shRNA)  before  injecting  the  cells  into  nude  mice  ( Supporting 
Methods).  Western  blot  analysis  demonstrated  that  Rsf-1  expression 
was  substantially  reduced  in  Rsf-1  shRNA-transfected  OVCAR3 
cells  as  compared  with  the  control  shRNA-transfected  cells  (Fig.  10, 
which  is  published  as  supporting  information  on  the  PNAS  web 
site).  All  mice  injected  with  Rsf-1  shRNA-treated  OVCAR3  cells 
develop  much  smaller  intraabdominal  xenograft  tumors  than  the 
mice  carrying  control  (scramble)  shRNA-transfected  cells  (Fig.  10, 
P  <  0.001,  n  =  5). 

Discussion 

This  study  provides  cogent  evidence  that  amplification  of  Rsf-1 
within  the  llql3.5  minimal  amplicon  is  involved  in  ovarian 
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tumorigenesis  based  on  a  comprehensive  study  including  mo¬ 
lecular  genetics,  transcriptome  analysis,  clinical  correlation,  and 
functional  characterization.  Chromosome  llql3.5  amplification 
is  one  of  the  most  frequently  amplified  regions  in  human  tumors 
including  ovarian,  breast,  head,  and  neck  carcinomas.  The 
frequency  of  llql3.5  amplification  in  ovarian  carcinoma  de¬ 
tected  in  this  study  (13.2%)  is  similar  to  but  slightly  lower  than 
that  previously  reported  (17%)  (9).  This  result  is  likely  due  to 
more  stringent  criteria  used  for  FISH  analysis  in  the  current 
study.  For  example,  we  have  used  a  reference  probe  on  chro¬ 
mosome  llq  arm  instead  of  on  chromosome  11  centromere  to 
exclude  cases  that  belong  to  polysomy  or  large  segment  dupli¬ 
cation.  It  should  be  noted  that  EMSY  was  located  near  the 
minimal  amplicon  delineated  in  the  current  study.  EMSY  func¬ 
tions  as  a  BRAC2-interacting  gene  and  was  previously  thought 
of  as  a  candidate  oncogene  for  ovarian  cancers  (9).  However,  the 
oncogenic  property  of  EMSY  in  ovarian  tumor  was  not  dem¬ 
onstrated  in  that  study.  Furthermore,  our  findings  with  a  larger 
scale  of  ovarian  tumor  samples  did  not  demonstrate  a  significant 
correlation  of  EMSY  gene  amplification  and  mRNA  overex¬ 
pression,  a  finding  arguing  against  EMSY  as  the  “driver”  gene 
within  the  amplicon. 

Based  on  our  combined  genetic  and  expression  analyses,  we 
have  found  that  Rsf-1  is  consistently  overexpressed  in  all  of  the 
amplified  tumors  examined.  In  addition  to  Rsf-1,  several  other 
genes  close  to  Rsf-1,  including  CLNS1A,  ALG8,  and  GAB2, 
were  coup-regulated  in  a  subset  of  tumors  with  llql3.5  ampli¬ 
fication.  It  would  be  interesting  in  the  future  to  determine 
whether  cooverexpression  of  these  genes  would  further  provide 
growth  advantages  in  the  development  of  ovarian  cancer.  The 
association  of  Rsf-1  amplification/overexpression  with  worse 
survival  in  ovarian  cancer  patient  is  similar  to  oncogenes, 
including  HER2/neu  in  breast  cancer  (17,  18)  and  N-myc  in 
neuroblastoma  (19),  in  which  overexpression  of  both  oncogenes 
stimulates  cell  proliferation  and  confers  a  shorter  survival.  The 
mechanism  of  how  Rsf-1  amplification  contributes  to  shorter 
survival  is  not  known;  however,  because  the  mortality  of  ovarian 
cancer  patients  is  directly  related  to  the  recurrent  disease  after 
chemotherapy,  it  is  conceivable  that  Rsf-1  amplification  may 
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confer  drug  resistance  and/or  enhance  cell  proliferation  in  the 
chemoresistant  recurrent  tumors. 

Our  study  with  gene  overexpression  and  RNA  interference 
knockdown  has  established  an  important  functional  role  of  Rsf-1 
in  ovarian  cancer.  How  can  Rsf-1  contribute  to  tumor  progres¬ 
sion  at  the  molecular  level?  Recent  in  vitro  studies  have  indicated 
that  Rsf-1  plays  a  role  in  chromatin  remodeling  (12)  and 
transcriptional  regulation  (20,  21)  that  may  contribute  to  tumor¬ 
igenesis.  Rsf-1  has  been  shown  to  function  as  a  histone  chaper¬ 
one,  whereas  its  binding  partner,  hSNF2H,  possesses  nucleo- 
some-dependent  ATPase  activity.  The  Rsf-l/hSNF2H  complex 
(or  RSF  complex)  participates  in  chromatin  remodeling  by 
mobilizing  nucleosomes  in  response  to  a  variety  of  growth 
modifying  signals  and  environmental  cues.  Such  nucleosome 
remodeling  is  essential  for  transcriptional  activation  or  repres¬ 
sion  (22),  DNA  replication  (23),  and  cell  cycle  progression  (24). 
Recently,  a  growing  body  of  evidences  has  accumulated  to 
support  a  novel  role  of  chromatin  remodeling  in  cancer  (25,  26). 
For  example,  mutations  and  deletions  of  a  hSNF2H  homolog, 
Brgl,  were  found  in  different  tumor  types  (27),  and  furthermore, 
heterozygous  deletion  of  Brgl  in  mice  resulted  in  a  cancer-prone 
phenotype  (28,  29).  It  is  plausible  that  Rsf-1  gene  amplification 
and  overexpression  in  tumor  cells  could  disrupt  the  homeostatic 
kinetics  in  the  chromatin  remodeling  machinery  and  fine  tune 
gene  regulation  that  facilitates  tumorigenesis.  Because  the  cur¬ 
rent  study  identifies  and  characterizes  the  previously  unde¬ 
scribed  Rsf-1  gene  amplification  in  ovarian  cancer,  further 
studies  are  required  to  elucidate  the  etiological  roles  of  Rsf-1 
amplification  and  overexpression  in  chromatin  remodeling  and 
cancer  development. 
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Apply  innovative  technologies  to  explore 
cancer  genome 

le-Ming  Shih  and  Tian-Li  Wang 


Purpose  of  review 

Molecular  genetic  alterations  characterize  the 
development  of  human  cancer.  Recent  advances  in 
molecular  genetic  technology  and  the  success  of  the 
human  genome  project  have  empowered  investigators 
with  new  tools  in  dissecting  the  cancer  genome  for 
discovery  of  new  cancer-associated  genes.  The  purpose 
of  this  review  is  to  highlight  the  emerging  molecular 
genetic  methodologies  and  summarize  their  principles, 
applications,  and  potential  technical  challenges.  The 
critical  issue  in  sample  preparation  and  a  strategy  that 
combines  different  molecular  techniques  to  facilitate  the 
identification  of  novel  cancer-associated  genes  will  be 
discussed. 

Recent  findings 

Digital  karyotyping  and  array-based  techniques  including 
array  comparative  genomic  hybridization  and 
representational  oligonucleotide  microarray  analysis  have 
been  recently  developed  to  study  the  genomic  landscape 
in  human  cancer.  These  innovations  provide  tools  to 
quantitatively  measure  DNA  copy  number  changes  in 
cancer  and  to  map  those  changes  directly  onto  the  human 
genome.  Digital  karyotyping  is  based  on  counting  the 
sequence  tags  that  are  distributed  in  the  human  genome 
and  thus,  it  provides  a  digital  readout  to  precisely  outline 
the  amplified  and  deleted  chromosomal  regions. 
Array-based  technologies,  on  the  other  hand,  compare  the 
content  of  cancer  and  reference  genomes  followed  by 
localizing  the  amplified  or  deleted  signals  in  chromosomal 
regions  using  an  array  hybridization  technique.  In  addition, 
a  high-throughput  mutational  analysis  platform  has  been 
available  for  a  large-scale  mutational  analysis  by  using  an 
automated  capillary  sequencing  device  and  sophisticated 
bioinformatic  tools.  A  number  of  examples  have 
demonstrated  the  promise  of  these  new  molecular  genetic 
approaches  in  identifying  several  potential  new  oncogenes 
and  tumor  suppressors. 

Summary 

As  compared  with  conventional  cytogenetics  methods, 
digital  karyotyping,  array  comparative  genomic 
hybridization,  and  representational  oligonucleotide 
microarray  analysis  provide  an  unprecedented  mapping 
resolution  that  allows  a  precise  localization  of  the  amplified 
and  deleted  chromosomal  regions.  These  technologies 
can  be  combined  with  gene  expression  profiling  and 
high-throughput  mutational  analysis  to  facilitate  the  search 
for  new  cancer-associated  genes.  It  is  expected  that 


applying  these  new  technologies  will  lead  to  discovery  of  a 
host  of  novel  oncogenes  and  tumor  suppressors,  which 
will  have  a  significant  impact  in  our  understanding  of 
tumorigenesis  and  in  the  clinical  management  of  cancer 
patients. 
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Introduction 

It  is  well  known  that  tumors  develop  as  a  result  of  ac¬ 
cumulated  molecular  genetic  or  genomic  alterations  in¬ 
cluding  amplification,  deletion,  point  mutation,  and 
translocation  [1],  Analysis  of  molecular  genetic  changes 
has  historically  led  to  identification  of  oncogenes  and 
tumor  suppressors.  For  example,  characterization  of 
amplified  regions  of  the  breast  cancer  genome  has  re¬ 
vealed  several  important  oncogenes  including  Her-2/neu 
and  c-Myc.  Studies  of  these  alterations  are  critical  to 
understanding  the  molecular  basis  of  cancer  and  provid¬ 
ing  potential  diagnostic/outcome  markers  and  thera¬ 
peutic  targets  for  cancer  patients  [1,2].  For  example, 
amplification  of  cyclin  E  and  Her2/neu  is  frequently 
associated  with  advanced  stages  of  disease  and  a  poor 
clinical  outcome  in  ovarian  cancer  patients  [3-5].  Antago¬ 
nizing  the  oncogenic  function  using  the  anti-Her2/neu 
antibody  therapy  (trastuzumab;  Herceptin,  Genentech, 
CA,  USA)  prolongs  the  disease-free  interval  in  patients 
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with  Her2/neu  gene  amplification  [6].  Although  several 
oncogenes  and  tumor  suppressors  have  been  studied  in 
past  decades,  many  oncogenes  and  tumor  suppressors 
remain  to  be  identified. 

The  rate-limiting  step  in  discovering  new  oncogenes  and 
tumor  suppressors  has  been  the  lack  of  effective  ap¬ 
proaches  for  their  discovery.  Several  elegant  studies  have 
used  gene  expression  profiling  as  the  discovery  tool  and 
have  identified  myriad  candidate  markers  associated 
with  different  types  of  cancer  [7,8].  However,  the  chal¬ 
lenge  is  how  to  use  such  an  expression-based  approach 
alone  to  distinguish  the  cancer-driving  genes  that  di¬ 
rectly  propel  tumor  progression  from  a  larger  number  of 
passenger  genes  that  are  concurrently  overexpressed  but 
lack  biologic  relevance  in  tumor  development.  This  is 
because  gene  expression  is  dynamic,  depending  on  both 
genetic  and  epigenetic  programs  in  tumor  cells.  In  con¬ 
trast,  molecular  genetic  changes,  such  as  alterations  in 
DNA  copy  number  (for  example,  amplifications  and  de¬ 
letions),  and  point  mutations  are  inheritable  traits  and 
are  the  result  of  Darwinian  selection  in  tumors  because 
of  growth  advantage  conferred  by  these  alterations  [1], 
Conventional  methods  used  to  reveal  DNA  copy  number 
changes  include  comparative  genomic  hybridization 
(CGH),  representational  difference  analysis,  spectral 
karyotyping/metaphase  fluorescence  in  situ  hybridiza¬ 
tion,  and  conventional  cytogenetics.  These  methods 
have  aided  in  the  identification  of  genetic  aberrations  in 
human  cancer,  but  they  generally  have  a  limited  map¬ 
ping  resolution  (5  to  20  Mb)  and,  therefore,  are  not  suit¬ 
able  to  detect  smaller  chromosomal  alterations.  The  suc¬ 
cess  of  the  human  genome  database  has  accelerated 
cancer  genome  study  because  it  provides  precise  and 
detailed  maps  to  facilitate  chromosomal  mapping  and 
localization  of  potential  oncogenes  and  tumor  suppres¬ 
sors.  However,  the  question  remains  regarding  the  avail¬ 
ability  of  suitable  technical  platforms  that  would  allow  a 
comprehensive  survey  of  the  cancer  genome.  It  cannot 
be  overemphasized  that  a  high-resolution  readout  of  the 
techniques  is  essential  because  precise  genomic  loca¬ 
tions  of  amplification  and  deletion  are  required  for  fur¬ 
ther  identification  of  novel  oncogenes  and  tumor  sup¬ 
pressors. 

Recent  developments  of  technologies  including  digital 
karyotyping,  array-based  CGH,  and  representational  oli¬ 
gonucleotide  microarray  analysis  (ROMA)  provide  mo¬ 
lecular  solutions,  for  the  first  time,  to  detect  DNA  copy 
number  changes  at  a  genome-wide  scale  with  an  excel¬ 
lent  resolution.  In  addition,  an  automated  capillary  se¬ 
quencing  platform  has  become  available  for  a  large-scale 
mutational  analysis.  In  this  article,  we  will  focus  on  re¬ 
viewing  these  new  technical  advances  and  will  briefly 
discuss  a  critical  issue  in  sample  preparation.  Finally,  we 
will  review  a  rational  strategy  by  combining  genomic 


analysis,  gene  expression  profiling,  and  large-scale  mu¬ 
tational  analysis  to  expedite  the  identification  of  onco¬ 
genes  and  tumor  suppressors. 

Digital  karyotyping 

Digital  karyotyping  has  recently  been  developed  for  a 
genome-wide  analysis  of  DNA  copy  number  alterations 
at  high  resolution  [9].  The  principle  of  this  approach  is 
similar  to  the  serial  analysis  of  gene  expression  method 
[8,10],  which  is  based  on  the  isolation  and  enumeration 
of  short  sequence  tags.  However,  the  sequence  tags  in 
digital  karyotyping  are  obtained  from  genomic  DNA 
rather  than  from  mRNA,  and  they  are  isolated  by  differ¬ 
ent  methods.  These  tags  (21  bp  each)  contain  sufficient 
information  that  allows  assigning  the  tag  sequences  to 
their  corresponding  genomic  loci  from  which  they  are 
derived.  After  isolation,  the  tags  are  ligated  to  each  other 
and  are  cloned  into  bacteria.  Therefore,  every  bacterial 
clone  represents  homogeneous  plasmid  that  contains  a 
certain  number  of  different  tags  (approximately  32  tags). 
Generally,  approximately  5000  clones  are  sequenced 
from  each  tumor  sample  to  establish  a  digital  karyotyping 
library  that  collects  a  total  of  160,000  tags  (32  x  5000). 
Populations  of  tags  can  then  be  uniquely  matched  to  the 
assembled  genomic  sequence  in  a  public  domain,  allow¬ 
ing  observed  tags  to  be  sequentially  ordered  along  each 
chromosome.  The  number  of  each  unique  tag  along  each 
chromosome  can  be  used  to  quantitatively  evaluate 
DNA  content  in  tumor  samples.  To  prove  the  above 
concept,  digital  karyotyping  libraries  have  been  gener¬ 
ated  from  a  colorectal  cancer  cell  line  (DiFi)  and  an  ovar¬ 
ian  cell  line  (SKOV3)  in  which  the  preexisting  CGH  data 
are  available  for  comparison.  Digital  karyotyping  identi¬ 
fied  all  the  known  chromosomal  alterations  including 
whole  chromosome  changes,  gains  or  losses  of  chromo¬ 
somal  arms,  and  interstitial  amplifications  or  deletions  in 
both  cell  lines.  More  importantly,  digital  karyotyping  re¬ 
vealed  several  distinct  genetic  alterations  including  am¬ 
plifications  of  relatively  small  amplicons  (less  than  1  Alb) 
and  homozygous  deletions  that  have  never  been  previ¬ 
ously  described  using  other  methods.  For  example,  the 
SKOV3  cell  line  was  known  to  contain  Her2/neu  gene 
amplification  [11].  Digital  karyotyping  of  SKOV3  cells  is 
able  to  demonstrate  a  distinct  amplification  in  the 
Her2/neu  locus  ( 1 7ql 2)  (Fig.  IB),  which  was  not  evident 
by  CGH  or  SKY  analysis  [12,13].  These  analyses  suggest 
that  a  potentially  large  number  of  undiscovered  copy 
number  alterations  exist  in  cancer  genomes  and  many  of 
these  could  be  detected  through  digital  karyotyping.  Ex¬ 
amples  of  amplification  and  deletion  revealed  by  digital 
karyotyping  are  shown  in  Figure  1.  Digital  karyotyping 
has  been  recently  applied  in  identifying  specific  gene 
amplification  that  is  associated  with  resistance  to  chemo¬ 
therapy  [14»»].  In  that  study,  a  significant  fraction  of 
colorectal  cancer  patients  undergoing  5-fluorouracil 
treatment  were  found  to  have  amplification  of  the  thy- 


Figure  1.  Detection  of  amplified  and  deleted  chromosomal 
regions  by  digital  karyotyping 
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Digital  karyotyping  libraries  were  generated  using  isolated  tumor  cells  from 
ovarian  serous  carcinoma  tissues.  Analysis  of  the  libraries  reveals  two  distinct 
amplifications  in  chromosomes  1  p34.2  and  1  7q1 2,  which  are  know  to  contain 
L-myc  and  Her2/neu  oncogenes,  respectively  (top  and  center).  A  deletion  in 
chromosome  8p  is  also  evident  (bottom).  The  chromosome  ideograms  are 
aligned  with  the  results  of  digital  karyotyping  for  reference. 


Appendix  #2 

Technologies  to  explore  cancer  genome  Shih  and  Wang  35 

midylate  synthase  (TYMS)  locus.  Patients  with  TYMS 
gene  amplification  have  been  shown  to  have  a  shorter 
survival  than  those  do  not.  This  finding  could  have  sig¬ 
nificant  implications  for  the  clinical  management  of  can¬ 
cer  patients  with  colorectal  cancer. 

The  major  advantage  of  digital  karyotyping  in  exploring 
the  cancer  genome  is  its  higher  resolution  than  the  con¬ 
ventional  methods.  This  is  because  the  technique  in¬ 
volves  using  SacI  as  the  mapping  enzyme  in  which  the 
enzyme  sites  are  abundant  in  human  genome  (spanning 
an  interval  of  approximately  4  kb).  Therefore,  a  high 
resolution  can  be  theoretically  achieved  if  a  sufficient 
number  of  tags  can  be  obtained  (sequenced).  Further¬ 
more,  digital  karyotyping  provides  unbiased  gene  dosage 
readout  because  digital  karyotyping  directly  counts  the 
tags  in  contrast  to  the  analog  signal  generated  by  hybrid¬ 
ization  that  is  associated  with  an  array  format.  However, 
it  is  possible  that  a  small  portion  of  the  genome  has  a 
lower  density  of  mapping  enzyme  SacI  sites  and  could  be 
incompletely  evaluated  by  digital  karyotyping.  This  po¬ 
tential  problem  could  be  overcome  through  the  applica¬ 
tion  of  different  mapping  and  fragmenting  enzymes. 

Array-based  technologies  to  detect  DNA 
copy  number  changes:  array  comparative 
genomic  hybridization  and  representational 
oligonucleotide  microarray  analysis 

In  contrast  to  a  tag  counting  strategy  used  in  digital 
karyotyping,  two  related  technologies,  array  CGH  and 
ROMA,  have  been  developed  by  using  the  format  of 
DNA  microarrays  to  map  the  loci  of  amplification  and 
deletion.  Array-based  CGH  is  a  technique  that  combines 
conventional  CGH  and  DNA  microarray  for  detection  of 
DNA  copy  number  changes  [15-17].  Conventional  CGH 
has  been  widely  used  in  identifying  chromosomal  imbal¬ 
ances  in  cancers,  but  the  relatively  low  mapping  resolu¬ 
tion  (5  to  20  Alb)  has  limited  its  use  as  a  discovery  tool  for 
novel  cancer-associated  genes  [18].  In  contrast,  array 
CGH  takes  the  advantages  of  CGH  but  it  analyzes  ge¬ 
nomic  alterations  using  DNA  microarrays  instead  of  met¬ 
aphase  chromosomes.  In  this  way,  the  assay  resolution 
increases  as  thousands  of  genomic  targets  representing 
different  genomic  locations  can  be  analyzed  simulta¬ 
neously.  In  array  CGH,  total  genomic  DNA  from  a  tumor 
and  a  normal  cell  population  are  labeled  with  different 
fluorochromes  and  hybridized  to  arrayed  genomic  com¬ 
ponents  of  cDNA  [16]  or  large  genomic  fragments  such 
as  bacteria  artificial  chromosomes  and  phage  artificial 
chromosome  [15].  The  ratio  of  the  fluorescence  intensi¬ 
ties  on  each  spot  in  the  array  is  proportionally  correlated 
to  the  copy  number  of  the  corresponding  sequences  in 
the  tumor.  Comparison  of  ratios  on  overlapping  clones 
should  allow  amplifications  and  deletions  in  DNA  copy 
number  to  be  mapped  in  the  genome.  Thus,  array  CGH 
is  a  technique  by  which  variation  in  relative  copy  num- 
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bers  between  two  genomes  can  be  analyzed  by  competi¬ 
tive  hybridization  to  DNA  microarrays  [19-21].  Several 
recent  studies  have  shown  the  potential  of  array  CGH  in 
detecting  DNA  copy  number  alterations  in  fallopian 
tube  carcinomas  [22],  oral  squamous  carcinoma  [23], 
bladder  cancer  [24],  pancreatic  cancer  [25],  chronic  lym¬ 
phocytic  leukemia  [26],  and  gastric  cancer  [27,28].  Al¬ 
though  CGH  array  can  provide  a  number  of  advantages 
over  the  conventional  cytogenetics  approaches  including 
higher  resolution  and  throughput,  it  has  been  previously 
limited  by  the  availability  of  genomic  clones  that  can  be 
spotted  as  targets.  Recent  attempts,  however,  have  im¬ 
proved  the  resolution  of  array  CGH  to  approximately  1 
Alb  by  establishing  a  high-density  array  [29»»,30].  Fur¬ 
thermore,  new  analysis  tools  have  been  recently  devel¬ 
oped  to  provide  a  more  uniform  and  convenient  analysis 
platform  for  array  CGH  [31]. 

Representational  oligonucleotide  microarray  analysis  is 
another  array-based  technique  for  the  detection  of  ge¬ 
nome  copy  number  variation.  The  method  is  modified 
from  the  representational  difference  analysis  [32]  by  uti¬ 
lizing  the  microarray  format  [33»»].  The  principle  of 
ROAIA  is  based  on  the  concept  of  genomic  representa¬ 
tion  that  is  generated  by  amplifying  restriction  enzyme 
(such  as  Bgl  II)  digested  genomic  fragments  from 
samples.  The  representative  genomic  fragments  hybrid¬ 
ize  to  the  oligonucleotides  in  arrays  that  are  designed 
from  the  human  genome  sequence  assembly.  The  major 
advantage  of  using  a  representation  strategy  is  to  mini¬ 
mize  the  genome  complexity  and  therefore  maximize 
the  signal-to-background  ratio.  Using  ROAIA,  investiga¬ 
tors  are  able  to  detect  regions  of  copy  number  variations 
between  cancer  and  normal  genomes  and  between  nor¬ 
mal  human  genomes  [33»»,34].  Currently,  ROAIA  can 
reach  a  resolution  up  to  30  to  35  kb,  and  further  refine¬ 
ment  of  ROAIA  will  promise  to  reveal  an  even  better 
resolution  by  designing  a  higher  density  array. 

High-throughput  mutational  analysis 

Besides  DNA  copy  number  changes,  somatic  point  mu¬ 
tation  represents  another  salient  feature  of  molecular  ge¬ 
netic  changes  in  cancer  because  the  point  mutation  can 
lead  to  activation  of  oncogenes  and  inactivation  of  tumor 
suppressor  genes.  The  discovery  of  somatic  point  muta¬ 
tions,  in  the  past,  has  been  challenged  by  an  unsatisfied 
throughput  inherent  to  the  traditional  DNA  sequencing 
and  heteroduplex  analysis.  Recently,  with  the  advance  of 
human  genome  assembly,  a  high-throughput  sequencing 
pipeline  is  made  possible  by  the  application  of  capillary 
sequencers  and  the  availability  of  bioinformatic  software. 
For  example,  the  current  capacity  of  a  single  capillary 
nucleotide  sequencer  with  a  384-well  format  can  analyze 
at  least  2304  sequencing  reactions  per  day  (384  reac¬ 
tions/plate  x  6  plates/d).  This  high-throughput  platform 
permits  a  systemic  scan  of  cancer  genome  at  the  nucleo¬ 
tide  level  in  a  short  time  [35].  This  format  has  been 


successfully  used  to  screen  protein  families  that  could 
contain  genes  critical  in  tumor  development  [36-38»»]. 

Identification  of  the  BRAF  oncogene  is  another  example 
of  the  power  of  high-throughput  mutation  analysis  in 
finding  new  oncogenes.  Davies  et  al.  [39]  used  the  het¬ 
eroduplex  method  and  high-throughput  capillary  se¬ 
quencers  to  screen  mutations  in  genes  belonging  to  the 
RAS-RAF-MEK-ERK  (A1AP)  kinase  pathway  and  found 
that  activating  mutations  in  BRAF  occurred  in  66%  of 
melanomas.  Functional  study  demonstrates  that  mutated 
BRAF  proteins  have  elevated  kinase  activity  and  are  able 
to  transform  NIH3T3  cells.  Subsequent  studies  have 
further  shown  frequent  BRAF  mutations  in  other  spe¬ 
cific  types  of  cancer,  including  papillary  thyroid  carcino¬ 
mas  (69%)  [40]  and  low-grade  ovarian  serous  tumors 
(30%)  [41»].  Because  activating  mutations  within  the 
protein  kinase  family  may  be  amenable  to  therapeutic 
intervention  such  as  kinase  inhibitors,  these  studies  sug¬ 
gest  a  potential  target-based  therapy  for  those  patients 
whose  tumors  harbor  BRAF  mutations. 

Critical  issues  in  preparation  of  tumor  DNA 

As  new  molecular  genetic  technologies  are  emerging, 
isolation  of  tumor  DNA  has  become  a  critical  issue  be¬ 
cause  all  the  above  mentioned  techniques  will  not  be 
useful  unless  the  tumor  DNA  is  enriched.  Detection  of 
homozygous  deletions  and  point  mutations  would  be 
equivocal  and  the  folds  of  amplification  obscure  in  the 
presence  of  substantial  amounts  of  contaminated  DNA 
from  normal  tissues.  Genomic  DNA  is  generally  ob¬ 
tained  from  tumor  cells  isolated  by  laser  capture  micro¬ 
dissection  on  tissue  sections,  from  tumor  cell  lines/long¬ 
term  cultures,  and  from  freshly  isolated  tumor  cells 
(directly  from  surgical  specimens).  Laser  capture  micro¬ 
dissection  has  become  a  powerful  technique  in  isolating 
tumor  cells,  especially  in  acquiring  the  preneoplastic 
cells  in  the  precursor  lesions.  However,  it  can  be  labor 
intensive  to  obtain  a  sufficient  amount  of  DNA  for  as¬ 
says.  Tumor  cell  lines/long-term  cultures,  on  the  other 
hand,  provide  a  convenient  source  of  pure  tumor  DNA, 
but  they  are  not  ideal  for  genomic  analyses  of  human 
cancer  because  they  may  acquire  a  variety  of  genetic 
changes  as  a  result  of  in  vitro  selection,  and  those  genetic 
changes  may  not  be  relevant  to  tumorigenesis.  Accord¬ 
ingly,  it  is  preferable  to  use  the  genomic  DNA  of  puri¬ 
fied  or  enriched  tumor  cells  from  surgical  specimens  if 
fresh  tumor  samples  are  available.  Alany  investigators 
have  used  immunosorting  in  which  the  magnetic  beads 
are  bound  to  antibodies  that  react  to  the  tumor- 
associated  antigen  on  cancer  cells.  The  magnet-isolated 
tumor  cells  can  be  directly  used  to  isolate  genomic  DNA 
and  RNA  or  they  can  be  cultured  for  a  short  term  to 
further  expand  the  tumor  cell  population.  The  epithelial 
origin  of  the  immunosorted  carcinoma  cells  can  be  con¬ 
firmed  by  staining  the  purified  cells  with  a  cytokeratin 
antibody  or  by  loss  of  heterozygosity  assay.  An  example 
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Figure  2.  An  example  of  tumor  cell  isolation  from  fresh  tissue  samples 


(A)  Isolated  tumor  cells  using  magnetic  beads  coated  with 
an  Epi-CAM  antibody  (phase  contrast).  After  magnet 
sorting,  almost  all  tumor  cells  are  bound  to  the  beads 
(small  dark  dots).  The  isolated  tumor  cells  can  be  directly 
used  for  genomic  DNA  extraction  or  they  can  be 
short-term  cultured  to  expand  the  tumor  cell  population. 

(B)  Loss  of  heterozygosity  (LOH)  assay.  This  method  is  to 
confirm  the  purity  of  immunosorted  tumor  cells  because 
LOH  is  unique  to  tumor  but  not  to  normal  cells.  Both 
tumor  cells  (T)  and  the  matched  normal  cells  (N)  are 
analyzed  in  parallel  by  PCR  using  four  representative 
microsatellite  markers.  Attenuation  of  intensity  in  one  of 
the  two  alleles  from  the  tumor  sample  (T)  was  observed  in 
microsatellite  markers  of  chromosomes  5,  8,  and  22, 
indicating  a  highly  enriched  tumor  cell  population. 
Estimation  of  the  percentage  of  tumor  DNA  can  be 
performed  by  comparing  the  intensity  ratio  of  the  two 
alleles  between  tumor  and  normal  samples.  The  marker  in 
chromosome  1  is  not  informative  because  the  tumor  does 
not  have  LOH  in  the  particular  locus. 
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of  tumor  cell  isolation  and  assessment  of  its  purity  is 
shown  in  Figure  2. 

Combined  technical  platform  for  cancer 
gene  discovery 

Once  amplified  or  deleted  chromosomal  regions  are 
identified,  the  next  question  is  how  one  can  effectively 
search  for  the  culprit  oncogenes  and  tumor  suppressors 
among  an  overwhelming  number  of  co-amplified  or  de¬ 
leted  genes  within  the  same  chromosomal  region.  Be¬ 
cause  oncogenes  within  an  amplicon  almost  always 
overexpress  whereas  the  neighborhood  genes  may  or 
may  not,  a  rational  strategy  has  been  developed  by  par¬ 
allel  analyses  of  cancer  genome  and  transcriptome  in 
the  same  tumors  to  reveal  the  profiles  of  gene  expression 
in  the  genomically  amplified  regions.  This  genome- 
transcriptome  combined  approach  has  allowed  several 
investigators  to  successfully  narrow  down  the  candidate 
genes  [23,42 — 45].  The  other  approach  expected  to  sig¬ 
nificantly  facilitate  the  identification  of  oncogenes  and 
tumor  suppressors  is  the  mutational  analysis.  Oncogenes 
and  tumor  suppressors  are  characterized  not  only  by 
DNA  copy  number  changes  but  also  by  somatic  point 
mutations  because  both  mechanisms  complement  each 
other  in  tumorigenesis.  For  example,  c-Myc,  KRAS, 
and  EGFR  are  found  to  be  amplified  in  some  tumors 
and  somatically  mutated  in  others  of  the  same  tumor 
type.  Similarly,  tumor  suppressors  can  be  inactivated 
as  a  result  of  homozygous  deletion  or  somatic  point  mu¬ 
tations.  These  mechanisms  lead  to  a  decrease  or  a  com¬ 
plete  abolishment  of  gene  expression.  Thus,  candidate 
genes  located  in  the  chromosomal  regions  of  interest 
(identified  by  digital  karyotyping,  array  CGF1  and 


ROMA)  can  be  analyzed  for  point  mutations  using  a 
large  panel  of  tumor  DNA  samples. 

Conclusion 

The  availability  of  the  human  genome  database  creates  a 
new  era  for  biomedical  research.  New  technical  plat¬ 
forms  that  take  advantage  of  the  human  genome  se¬ 
quences  are  now  available,  allowing  us  to  comprehen¬ 
sively  analyze  complex  cancer  genomes.  The  recent 
development  of  digital  karyotyping,  array-based  CGF1, 
ROMA,  high-throughput  mutational  analysis,  and  other 
emerging  techniques  provides  unprecedented  oppor¬ 
tunities  in  discovering  new  oncogenes,  tumor  suppres¬ 
sors,  and  drug-resistant  genes,  which  holds  great  promise 
to  develop  new  strategies  for  diagnosis  and  treatment  of 
this  devastating  disease.  Further  refinement  and  modi¬ 
fication  of  these  techniques  will  improve  their  per¬ 
formance  including  reproducibility,  resolution,  and 
throughput  in  the  years  to  come. 
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Recent  studies  have  suggested  an  oncogenic  role  of  the  BTB/POZ- 
domain  genes  in  hematopoietic  malignancy.  The  aim  of  this  study 
is  to  identify  and  characterize  BTB/POZ-domain  genes  in  the 
development  of  human  epithelial  cancers,  i.e.,  carcinomas.  In  this 
study,  we  focused  on  ovarian  carcinoma  and  analyzed  gene  ex¬ 
pression  levels  using  the  serial  analysis  of  gene  expression  (SAGE) 
data  in  all  130  deduced  BTB/POZ  genes.  Our  analysis  reveals  that 
NAC-1  is  significantly  overexpressed  in  ovarian  serous  carcinomas 
and  several  other  types  of  carcinomas.  Immunohistochemistry 
studies  in  ovarian  serous  carcinomas  demonstrate  that  NAC-1  is 
localized  in  discrete  nuclear  bodies  (tentatively  named  NAC-1 
bodies),  and  the  levels  of  NAC-1  expression  correlate  with  tumor 
recurrence.  Furthermore,  intense  NAC-1  immunoreactivity  in  pri¬ 
mary  tumors  predicts  early  recurrence  in  ovarian  cancer.  Both 
coimmunoprecipitation  and  double  immunofluorescence  staining 
demonstrate  that  NAC-1  molecules  homooligomerize  through  the 
BTB/POZ  domain.  Induced  expression  of  the  NAC-1  mutant  con¬ 
taining  only  the  BTB/POZ  domain  disrupts  NAC-1  bodies,  prevents 
tumor  formation,  and  promotes  tumor  cell  apoptosis  in  established 
tumors  in  a  mouse  xenograft  model.  Overexpression  of  full-length 
NAC-1  enhanced  tumorigenicity  of  ovarian  surface  epithelial  cells 
and  NIH  3T3  cells  in  athymic  nu/nu  mice.  In  summary,  NAC-1  is  a 
tumor  recurrence-associated  gene  with  oncogenic  potential,  and 
the  interaction  between  BTB/POZ  domains  of  NAC-1  proteins  is 
critical  to  form  the  discrete  NAC-1  nuclear  bodies  and  essential  for 
tumor  cell  proliferation  and  survival. 

oncogene  |  ovarian  cancer  |  serial  analysis  of  gene  expression 

The  BTB  (bric-a-brac  tramtrack  broad  complex)  (also  known  as 
POZ)  gene  family  is  composed  of  several  proteins  that  share  a 
conserved  BTB/POZ  protein-protein  interaction  motif  at  the  N 
terminus  that  mediates  homodimer  or  heterodimer  formation 
(1-3).  These  proteins  have  been  demonstrated  to  participate  in  a 
wide  variety  of  cellular  functions  including  transcription  regulation, 
cellular  proliferation,  apoptosis,  cell  morphology,  ion  channel  as¬ 
sembly,  and  protein  degradation  through  ubiquitination  (1).  A 
subset  of  BTB/POZ  proteins  have  been  implicated  in  human 
cancer,  and  they  include  BCL-6  (4,  5),  PLZF  (promyelocytic 
leukemia  zinc  finger)  (4,  6),  leukemia/lymphoma-related  factor 
(LRF)/Pokemon  (7,  8),  F1IC-1  (hypermethylated  in  cancer-1),  and 
Kaiso  (9,  10).  Among  them,  the  BCL-6  gene  is  the  best  character¬ 
ized  oncogene.  Frequent  gene  translocation  or  mutation  has  been 
identified  in  B  cell  lymphoma,  resulting  in  constitutive  BCL-6 
expression  in  the  tumor  cells  (4,  5).  Peptide  inhibitors  that  block 
interaction  between  the  BCL-6  BTB/POZ  domain  and  corepressors 
abrogate  BCL-6  oncogenic  functions  in  B  cells,  suggesting  that  the 
use  of  peptide  inhibitors  of  the  BTB/POZ  domain  may  represent  a 
therapeutic  approach  for  B  cell  lymphoma  (5).  As  the  role  of 
BTB/POZ  proteins  in  human  cancer  is  emerging,  we  have  analyzed 
the  expression  patterns  of  tumor-associated  BTB/POZ  genes  in 
ovarian  cancer  in  silico  using  the  serial  analysis  of  gene  expression 


(SAGE)  database.  Ovarian  cancer  was  selected  in  this  study  be¬ 
cause  this  disease  represents  one  of  the  most  aggressive  cancer  types 
in  women.  Most  patients  with  ovarian  cancer  are  diagnosed  at 
advanced  stages  when  conventional  therapy  is  less  effective.  As  a 
result,  most  ovarian  cancer  patients  suffer  from,  and  eventually 
succumb  to,  recurrent  disease.  New  therapeutic  agents  are  urgently 
needed  for  effective  treatment  to  improve  outcome  in  these  pa¬ 
tients.  In  this  study,  we  focused  on  a  BTB/POZ  gene,  NAC-1,  that 
is  overexpressed  in  ovarian  cancer,  particularly  in  recurrent  disease. 
We  demonstrated  that  NAC-1  plays  a  critical  role  in  tumorigenesis 
and  in  the  growth  and  survival  of  tumor  cells. 

Results 

NAC-1  Expression  Is  Associated  with  Cancer  Development.  A  total  of 
11  SAGE  libraries  were  used  to  screen  130  BTB/POZ  domain- 
containing  genes  for  overexpression  in  high-grade  ovarian  serous 
carcinomas  as  compared  with  ovarian  surface  epithelium  and 
benign  ovarian  cystadenoma.  Sixteen  genes  were  selected  based  on 
an  average  tag  count  per  library  >10  (Table  2,  which  is  published 
as  supporting  information  on  the  PNAS  web  site).  Among  these  16 
genes,  a  gene  named  NAC-1  (BTBD14B  HS.531614)  showed  the 
highest  ratio  of  average  tag  counts  in  ovarian  carcinoma  to  controls 
(ovarian  surface  epithelium  and  benign  ovarian  cyst)  and  was 
therefore  selected  for  validation  and  characterization  in  this  study. 
The  SAGE  database  was  also  used  to  analyze  NAC-1  expression  in 
different  cancer  types  and  their  corresponding  normal  tissues.  As 
shown  in  Fig.  1,  in  addition  to  ovarian  cancer,  NAC-1  was  up- 
regulated  in  several  tumors  from  other  organs  including  pancreatic, 
colorectal,  and  breast  carcinomas,  although  the  sample  size  of 
SAGE  libraries  in  most  of  tumor  types  was  too  small  for  a  statistical 
analysis. 

To  validate  the  SAGE  results  in  ovarian  cancer,  we  generated  a 
mouse  monoclonal  antibody  (NAC-1  Ab  clone  3)  that  reacted  to  the 
C  terminus  of  the  NAC-1  protein  and  performed  immunohisto¬ 
chemistry  in  265  ovarian  tumors  and  normal  tissue  samples  (Table 
3,  which  is  published  as  supporting  information  on  the  PNAS  web 
site).  The  specificity  of  the  NAC-1  antibody  was  evaluated  by 


Author  contributions:  K.N.,  N.N.,  T.-L.W.,  and  l.-M.S.  designed  research;  K.N.,  N.J.,  and  N.N. 
performed  research;  B.D.,  J.J.-C.S.,  R.E.B.,  and  R.J.K.  contributed  new  reagents/ 

analytic  tools;  K.N.,  N.N.,  A.S.,  R.S.,  T.-L.W.,  and  l.-M.S.  analyzed  data;  and  K.N.,  T.-L.W.  and 
l.-M.S.  wrote  the  paper. 

The  authors  declare  no  conflict  of  interest. 

This  article  is  a  PNAS  direct  submission. 

Abbreviations:  JHMI,  Johns  Hopkins  Medical  Institutions;  MOSE,  immortalized  OSE  cells; 
NRH,  Norwegian  National  Radium  Hospital;  OSE,  ovarian  surface  epithelial  cells;  SAGE, 
serial  analysis  of  gene  expression. 

Data  deposition:  The  sequence  reported  in  this  paper  has  been  deposited  in  the  UniGene 
database,  www.ncbi.nlm.nih.gov/entrez/guery.fcgi7db-unigene  (accession  no.  HS.531614). 

llTo  whom  correspondence  should  be  addressed  at:  Johns  Hopkins  Hospital,  CRB  II, 
Room  305,  1550  Orleans  Street,  Baltimore,  MD  21231.  E-mail:  ishih@jhmi.edu. 
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Fig.  1.  Scatter  plot  of  NAC-1  tags  in  several  major  tumor  types.  NAC-1 
expression  level  is  analyzed  by  counting  NAC-1 -specific  tags  from  SAGE  librar¬ 
ies  in  both  cancer  tissue  (T,  filled  symbols)  and  the  corresponding  normal 
tissues  (N,  open  symbols).  The  NAC-1  tags  are  normalized  to  tags  per  100,000 
(y  axis).  The  dash  line  in  each  tumor  type  indicates  the  "ceiling"  tag  number 
in  normal  tissue  libraries.  Each  symbol  represents  an  individual  specimen. 


reciprocal  immunoprecipitation/Western  blot  analyses  in  RK3E 
cells  transfected  with  pCDNA6-V5/NAC-l  and  vector  control.  A 
single  band  with  a  molecular  mass  of  ^57  kDa  corresponding  to 
NAC-1  protein  was  detected  in  NAC-1  -transfected  cells  but  not  in 
control  cells  (Fig.  2 A).  Because  the  immunoreactive  tumor  cells 
always  exhibited  diffuse  staining,  we  used  intensity  scores  to  quan¬ 
tify  NAC-1  expression  in  tissues.  In  contrast  to  normal  ovaries  and 
benign  ovarian  cystadenomas,  both  low-  and  high-grade  serous 
carcinomas  demonstrated  a  higher  NAC-1  immunoreactivity,  with 
27%  and  40%  of  cases  showing  2+  and  3+,  respectively  (x2  test,P  < 
0.001)  (Fig.  2  B-D  and  Table  3).  The  number  of  high-grade  cases 
with  high  NAC-1  immunointensity  (2+  and  3+)  was  significantly 
higher  than  that  in  low-grade  carcinoma  ( P  <  0.01).  Immunoflu¬ 
orescence  revealed  that  NAC-1  was  localized  to  dot-like  structures 
in  those  tumors  showing  strong  NAC-1  immunointensity  (2+  and 
3+)  (Fig.  2  E  and  F).  Ultrastructural  analysis  using  ImmunoGold 
labeling,  and  electron  microscopy  further  revealed  that  NAC-1  was 
localized  to  discrete  nuclear  bodies,  tentatively  termed  “NAC-1 
bodies”,  with  a  diameter  ranging  from  0.3  to  1.8  p.m  (Fig.  2G). 

Overexpression  of  NAC-1  Correlates  with  Recurrent  Ovarian  Cancer.  It 

is  widely  accepted  that  recurrent  tumors  represent  the  true  “killer” 


Table  1.  Increased  NAC-1  immunoreactivity  correlates  with  first 
tumor  recurrence 


JHMI  (solid  tumors)  NRH  (effusions) 


0+/1  + 

2+/3  + 

0+/1  + 

2+/3+ 

Primary 

71 

39 

62 

49 

First  recurrent 

21 

35 

22 

39 

Total 

92 

74 

84 

88 

in  cancer  patients,  because  the  primary  tumors  are  usually  removed 
by  surgery.  Identification  of  molecular  targets  that  are  present  in 
recurrent  tumors  would  be  important  in  the  development  of  a 
prognostic  test  and  a  novel  therapeutic  intervention  for  cancer 
patients.  Thus,  we  addressed  whether  NAC-1  expression  was  re¬ 
lated  to  tumor  progression  by  analyzing  primary  and  recurrent 
ovarian  high-grade  serous  carcinomas  using  immunohistochemistry 
and  quantitative  real-time  PCR.  NAC-1  immunohistochemistry 
was  performed  at  two  institutions,  Johns  Hopkins  Medical  Insti¬ 
tutions  (JHMI,  solid  tumors)  and  Norwegian  National  Radium 
Hospital  (NRH,  effusions),  by  using  independent  sets  of  ovarian 
cancer  specimens,  and  the  results  are  presented  in  a  2  X  2 
contingency  table  (Table  1).  Among  182  JHMI  high-grade  carci¬ 
noma  cases,  we  analyzed  166  samples  including  110  primary  and  56 
first  recurrent  tumors.  The  remaining  16  specimens  that  were 
obtained  from  second  and  third  recurrence  were  not  included  in  the 
analysis.  Both  JHMI  and  NRH  studies  demonstrated  that  a  higher 
NAC-1  staining  intensity  (2+  and  3+)  was  more  frequently  found 
in  recurrent  than  in  primary  tumor  tissues  (P  <  0.01  in  JHMI  and 
P  =  0.013  in  NRH,  x2  test).  To  validate  the  immunohistochemistry 
results,  we  performed  quantitative  real-time  PCR  using  samples 
from  JHMI  to  assess  the  correlation  of  NAC-1  mRNA  expression 
levels  and  the  recurrence  status.  We  found  that  an  increasedAMC-7 
transcript  level  significantly  correlated  with  recurrent  disease  (P  = 
0.012,  Mann-Whitney  test)  (Fig.  3 A).  The  association  of  NAC-1 
expression  and  recurrent  status  was  independent  of  clinical  stage 
(III  versus  IV)  at  diagnosis. 

Among  56  recurrent  carcinomas  from  JHMI,  there  were  21  cases 
for  which  the  corresponding  primary  tumors  were  available  from 
the  same  patients  for  comparison.  A  statistically  significant  increase 
in  NAC-1  immunointensity  (2+  and  3+)  was  found  in  recurrent 
tumors  as  compared  with  the  primary  tumors  from  the  same 
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Fig.  2.  Immunoreactivity  of  NAC-1  in  ovarian  cancer 
tissues.  (A)  ImmunoprecipitationA/Vestern  blot  analy¬ 
ses  using  NAC-1  and  V5  antibodies  in  RK3E  cells  trans¬ 
fected  with  pCDNA6-NAC-1A/5  (RK3E-C1)  or  vector- 
only  control  (Vec).  A  discrete  band  corresponding  to 
NAC-1  protein  mass  is  identified  in  this  reciprocal  anal¬ 
ysis.  (B-D)  The  NAC-1  immunointensity  is  undetectable 
or  weak  in  normal  ovarian  surface  epithelium  ( B )  but 
is  strong  in  a  high-grade  serous  carcinoma  (Cand  D).  ( E 
and  F)  Immunofluorescence  of  NAC-1  protein  localiza¬ 
tion  in  ovarian  cancer  cells  in  a  tissue  section.  Tumor 
cellscontain  NAC-1  protein,  which  is  located  in  discrete 
nuclear  bodies  ( E ).  The  adjacent  stromal  cells  are  neg¬ 
ative  for  NAC-1  immunoreactivity.  A  higher  magnifi¬ 
cation  demonstrates  the  NAC-1  nuclear  bodies  by  us¬ 
ing  a  confocal  fluorescence  microscope  (F).  (G) 
Ultrastructure  of  NAC-1  bodies.  ImmunoGold  labeling 
of  NAC-1 -expressing  RK3E  cells  demonstrates  elec¬ 
tron-dense  bodies  decorated  by  gold  particles  in  the 
nuclear  matrix. 
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matched 


Primary  Recurrent 


Fig.  B.  NAC1  expression  correlates  with  tumor  progression  in  ovarian  serous 
carcinomas.  (A)  Quantitative  real-time  PCR  analysis  shows  higher  NAC-1  ex¬ 
pression  levels  in  high-grade  carcinomas  (HG)  than  in  ovarian  surface  epithe¬ 
lial  cells  (OSE),  low-grade  carcinomas  (LG),  and  cystadenomas.  Moreover, 
recurrent  carcinomas  have  significantly  higher  expression  levels  than  primary 
tumors  (P  =  0.012).  The  data  are  expressed  as  fold  increase  as  compared  with 
the  average  of  OSE.  (6)  Immunohistochemistry  demonstrates  intense  immu- 
noreactivity  in  recurrent  tumors  as  compared  with  patients'  primary  tumors  in 
three  representative  cases. 

patients  (P  =  0.017,  x1  test)  (Fig.  3 B).  Based  on  these  findings,  we 
further  analyzed  to  see  whether  NAC-1  expression  in  primary 
tumors  was  predicative  of  disease-free  interval  (the  period  between 
primary  surgery  and  tumor  recurrence)  in  57  patients  with  ad¬ 
vanced-stage  high-grade  serous  carcinomas  who  underwent  opti¬ 
mal  primary  debulking  surgery,  followed  by  a  standard  chemother¬ 
apeutic  regimen  in  the  same  institution  (JHMI).  We  found  that  high 
NAC-1  immunointensity  (2+  and  3+)  predicted  recurrence  within 
1  year  after  diagnosis  with  an  odds  ratio  of  14.9  (95%  Cl,  3.00-74.2; 
P  =  0.0002,  Fisher’s  exact  test).  The  median  disease-free  interval 
with  NAC-1  immunointensity  of  >2  was  12  months,  whereas  when 
the  intensity  was  <2,  the  interval  was  18  months. 

The  positive  correlation  of  NAC-1  expression  and  recurrent 
disease  suggests  that  NAC-1  plays  a  role  in  the  development  of 
recurrent  ovarian  tumors.  To  test  whether  NAC-1  expression 
directly  contributes  to  drug  resistance,  we  correlated  NAC-1  im- 
munoreactivity  and  in  vitro  drug  resistance  in  60  high-grade  serous 
carcinomas.  The  in  vitro  drug-resistance  results  were  performed  at 
Oncotech  (Tustin,  CA)  by  using  the  protocol  described  at  www. 
oncotech.com/pdfs/edr_4_pager.pdf  (11,  12).  Cases  were  grouped 
according  to  different  immunointensity  scores,  but  there  was  no 
significant  correlation  (P  >  0.17,  if  test)  between  NAC-1  expres¬ 


sion  and  in  vitro  resistance  to  carboplatin,  cisplatin,  and  taxol,  the 
standard  chemotherapeutic  agents  for  ovarian  cancer. 

Dominant  Negative  Role  of  NAC-1  BTB/POZ  Domain.  Because  the 
BTB/POZ  domain  has  been  known  to  be  involved  in  protein 
homomerization  or  heteromerization,  we  tested  whether  the 
NAC-1  BTB/POZ  domain  participated  in  protein-protein  interac¬ 
tion  using  deletion  mutants  of  NAC-1  (Fig.  4A).  Based  on  coim- 
munoprecipitation  and  immunofluorescence  colocalization  studies 
(Fig.  4  B  and  C),  we  found  that  the  BTB/POZ  domain  of  NAC-1, 
corresponding  to  the  1-129  aa  at  the  N  terminus  (N130  construct), 
was  the  minimal  structural  motif  required  for  NAC-1  homooli¬ 
gomerization  (Fig.  4B).  The  NAC-1  deletion  mutants/Xpress  tags 
were  then  transfected  into  RK3E  cells  that  had  been  stably  trans¬ 
fected  with  a  full-length  NAC-1/V5  tag  expression  vector.  As  shown 
in  Fig.  4C,  full-length  NAC-1/V5  colocalized  with  the  full-length 
NAC-l/Xpress  in  the  NAC-1  bodies,  indicating  that  NAC-1  inter¬ 
acted  with  NAC-1.  As  expected,  both  N130  and  N250  deletion 
mutants  containing  the  BTB/POZ  domain  also  colocalized  with 
full-length  NAC-1,  but  interestingly,  both  mutants  disrupted  the 
formation  of  NAC-1  bodies  by  transforming  them  into  “cotton 
candy”-like  aggregates  or  large  “noodle”-like  structures  in  the 
nuclei  (Fig.  4C).  In  contrast,  C250  and  M120  deletion  mutants  that 
did  not  contain  the  BTB/POZ  domain  failed  to  colocalize  with 
wild-type  NAC-1. 

Suppression  of  Tumor  Formation  upon  Induction  of  NAC-1  N130 
Mutant.  To  test  whether  the  BTB/POZ  domain  is  involved  in 
tumor  growth,  we  established  an  inducible  (Tet-Off)  system  by 
expressing  the  N130  construct  upon  removal  of  doxycycline  in 
two  AMC-7-positive  tumor  cell  lines,  SKOV3,  an  ovarian  cancer 
cell  line,  and  HeLa,  a  cervical  adenocarcinoma  cell  line.  Cervical 
adenocarcinomas,  like  ovarian  serous  carcinomas,  frequently 
overexpressed  NAC-1,  because  a  high  level  of  NAC-1  immuno- 
reactivity  (2+  and  3+)  occurred  in  =50%  (16  of  32)  cervical 
adenocarcinomas,  whereas  the  NAC-1  immunoreactivity  in  nor¬ 
mal  endocervical  glands  were  undetectable  (Fig.  7,  which  is 
published  as  supporting  information  on  the  PNAS  web  site). 

For  both  SKOV3-N130  and  HeLa-N130  cell  lines,  the  efficiency 
of  N130  induction  was  very  high  as  evidenced  by  >99%  of  cells 
expressing  green  fluorescence  based  on  flow  cytometry  (data  not 
shown)  and  increased  copy  number  of  N-terminal  mRNA  sequence 
as  compared  with  C-terminal  sequence  based  on  quantitative 
real-time  PCR  (Fig.  8  A  and  B,  which  is  published  as  supporting 
information  on  the  PNAS  web  site)  after  removal  of  doxycycline. 
Like  RK3E  cells  expressing  the  N130  mutant  (Fig.  4C),  NAC-1 
nuclear  bodies  were  transformed  to  cotton  candy-like  aggregates  in 
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Fig.  4.  Coimmunoprecipitation  and  colocalization  of 
NAC-1  deletion  mutants  and  full-length  NAC-1.  (A)  Dia¬ 
gram  of  NAC-1  and  NAC-1  deletion  mutants.  Full-length 
(FL)  construct  contains  V5  tag  at  the  C  terminus,  whereas 
all  of  the  deletion  mutants  contain  an  Xpress  (Xp)  tag  at 
the  N  terminus.  The  yellow  box  is  the  BTB/POZ  domain; 
the  blue  box  is  the  DUF1 172  domain.  ( B )  Coimmunopre¬ 
cipitation  shows  that  full-length  NAC-1,  N130,  and  N250 
bind  to  NAC-1.  The  predicted  molecular  masses,  not  in¬ 
cluding  the  tag  sequences,  are:  full-length  NAC-1  (57.3 
kDa),  N130  (14.4  kDa),  N250  (27.8  kDa),  C250  (30.3  kDa), 
and  M120  (14  kDa).  (O  Cells  with  stable  full-length  NAC- 
1/V5  expression  were  transfected  with  different  deletion 
mutants  with  the  Xp  tag.  Double  immunofluorescence 
shows  that  full-length  NAC-1,  N130,  and  N250  deletion 
mutants  colocalize  with  full-length  NAC-1.  However, 
only  full-length  NAC-1  proteins  form  discrete  round  and 
oval-shaped  NAC-1  nuclear  bodies  , whereas  both  N130 
and  N250form  irregular  aggregates  with  the  full-length 
NAC-1.  Neither  C250  nor  Ml  20  colocalizes  with  the  full- 
length  NAC-1  protein. 
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Fig.  5.  Effects  of  N130  induction  on  cellular  proliferation  and  apoptosis  in 
96-well  plates.  (. A  and  B)  Cell  growth  curves  show  that  after  induction  of  N130 
(-Dox),  cell  growth  is  significantly  suppressed  as  compared  with  the  nonin- 
duced  cells  (+Dox).  In  contrast,  induction  of  C250  does  not  have  an  apparent 
effect  on  cell  growth  in  SKOV3  (/\)  or  HeLa  ( B )  cells.  (O  Cell  cycle  analysis  shows 
an  increase  in  G2/M  fraction  in  N130-induced  HeLa  cells  (Lower)  as  compared 
with  noninduced  cells  (Upper)  24  h  after  induction,  indicating  a  G2/M  block. 
(D)  Percentages  of  apoptotic  and  proliferating  cells  are  determined  by  count¬ 
ing  annexin  V-and  BrdU-positive  cells,  respectively,  in  both  N130-induced  and 
-noninduced  cells.  Data  are  presented  as  mean  +  SD.  *,  P<  0.05;  **,  P<  0.001, 
***,  P<  0.0001,  Student's  t  test. 


both  SKOV3  and  HeLa  cells  after  induction  of  N130  (Fig.  8C).  As 
compared  with  the  control  (induction  of  C250),  induction  of  N130 
expression  significantly  reduced  cell  proliferation  in  both  SKOV3 
cells  (Fig.  5A)  and  HeLa  cells  (Fig.  5 5).  Induction  of  the  control 
C250  mutant  did  not  have  significant  effects  on  cellular  prolifera¬ 
tion  in  either  of  the  cell  lines.  Similarly,  expression  of  N130 
significantly  suppressed  colony  formation  in  both  cell  lines  (Fig.  9, 
which  is  published  as  supporting  information  on  the  PNAS  web 
site).  The  decrease  in  cellular  growth  after  N130  induction  was 
associated  with  cell  cycle  arrest  at  G2/M  phase  (percentage  of  cells 
in  Go/Gi-to-S-to-G2/M  =  50.3%-to-16.5%-to33.2%  in  noninduced 
cells  vs.  20.1%-to-17.4%-to-62.5%  in  induced  cells)  (Fig.  5 C).N130 
induction  significantly  increased  the  number  of  annexin  V-labeled 
cells  and  also  decreased  the  number  of  BrdU-labeled  cells  (except 
on  day  3),  although  the  level  in  the  decrease  of  cells  with  BrdU 
uptake  is  not  as  dramatic  as  the  increase  of  annexin  V-labeled  cells 
(Fig.  5 D).  To  further  evaluate  the  effect  of  N130  on  cellular 
proliferation  and  apoptosis,  we  used  the  miniN130  mutants,  N65 
and  N30-122,  in  which  its  BTB/POZ  oligomerization  activity  was 
deficient.  Both  N65  and  N30-122  showed  protein  expression  but 
were  not  able  to  coimmunoprecipitate  with  the  full-length  NAC-1 
protein  (Fig.  1CL4,  which  is  published  as  supporting  information  on 
the  PNAS  web  site).  When  transfecting  these  two  constructs  into 
the  NAC-1  overexpressing  SKOV3  cells,  both  N65  and  N30-122 
could  not  effectively  suppress  cellular  proliferation  as  compared 
with  N130  (Fig.  105).  In  addition,  we  also  knocked  down  NAC-1 
using  RNAi  to  determine  whether  there  was  a  similar  inhibitory 
effect  to  the  expression  of  the  N130  dominant-negative  construct. 
In  fact,  NAC-1 -expressing  SKOV3  and  HeLa  cells  had  significantly 
reduced  cell  numbers  after  NAC-1  siRNA  treatment  (Fig.  11 A  and 
5,  which  is  published  as  supporting  information  on  the  PNAS  web 
site).  In  contrast,  NAC-1  siRNA  did  not  show  a  significant  effect  on 
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the  cell  growth  of  OVCAR3  cells  that  did  not  express  abundant 
NAC-1  (Fig.  11B).  Furthermore,  we  found  that  the  apoptosis- 
inducing  effect  of  the  siRNAs  used  here  was  potent,  but  was  less 
pronounced  than  the  N130  dominant-negative  NAC-1  (Fig.  11C), 
indicating  that  the  latter  approach  could  be  a  more  effective 
experimental  system  to  inactivate  NAC-1  function.  As  a  control,  we 
expressed  N130  in  OVCAR3,  which  expressed  only  a  minimal 
amount  of  NAC-1  protein  compared  with  HeLa  and  SKOV3  cells, 
and  found  that  N130  expression  did  not  have  a  significant  effect  on 
the  growth  of  OVCAR3  cells  (Fig.  11D). 

Based  on  the  above  findings,  we  investigated  whether  disrupting 
interactions  between  NAC-1  molecules  using  the  N130  dominant¬ 
negative  approach  had  a  growth-inhibitory  effect  in  HeLa  (Fig.  12, 
which  is  published  as  supporting  information  on  the  PNAS  web  site) 
and  SKOV3  (Fig.  13,  which  is  published  as  supporting  information 
on  the  PNAS  web  site)  xenografts  in  nude  mice.  First,  we  tested 
whether  expression  of  N130  could  prevent  tumorigenesis  by  induc¬ 
ing  N130  expression  2  days  after  s.c.  tumor  injection.  As  shown  in 
Figs.  12 A  and  13 A,  induction  of  N130  expression  in  HeLa  and 
SKOV3  cells  almost  completely  prevented  the  formation  of  s.c. 
tumors.  In  contrast,  the  control  cells  grew  tumors  at  all  injection 
sites.  Second,  we  determined  whether  N130  could  limit  tumor 
growth  in  established  HeLa  and  SKOV3  tumors.  The  expression  of 
N130  was  induced  by  removing  doxycycline,  when  all  of  the  mice 
harbor  palpable  tumors.  Five  days  after  discontinuation  of  doxy¬ 
cycline,  induction  of  N130  expression  was  evidenced  by  green 
fluorescence  in  the  s.c.  HeLa  tumors  because  expression  of  both 
N130  and  EGFP  was  driven  by  a  bicistronic  promoter  (Fig.  125). 
As  shown  in  Figs.  12C  and  135,  tumors  continued  growing  in 
control  mice,  whereas  the  tumors  stopped  growing  or  decreased  in 
size  after  N130  induction.  Histological  examination  of  the  tumors 
excised  10  days  after  N130  induction  revealed  extensive  apoptosis 
in  tumor  cells,  based  on  morphology  and  immunore activity  with  the 
M30  antibody,  which  recognizes  the  apoptosis-specific  caspase- 
cleaved  cytokeratin  epitope  (13,  14)  (Fig.  12D). 

The  Oncogenic  Potential  of  NAC-1  Expression.  To  test  whether  NAC-1 
expression  is  tumorigenic,  we  randomly  selected  two  clones  from  a 
spontaneously  immortalized  MOSE  cell  line  and  two  NIH  3T3 
clones  that  were  stably  transfected  with  an  NAC-1  expression  vector 
(Fig.  6).  When  compared  with  vector-transfected  controls,  all 
NAC-l-expressing  clones  had  a  higher  cellular  proliferation,  based 
on  growth  curves  and  BrdU-uptake  assays  (Fig.  6  A,  D,  and  F).  S.c. 
injections  of  NAC-l-expressing  MOSE  clones  in  athymic  nu/nu 
mice  produced  larger  tumors  than  the  control  cells  transfected  with 
the  vector-only  (Fig.  6  5  and  C).  MOSE  clones  did  not  grow  i.p. 
tumors  21  days  after  i.p.  injection.  The  NAC-l-expressing  NIH  3T3 
clones  produce  both  s.c.  and  i.p.  tumors  in  the  athymic  nu/nu  mice. 
The  i.p.  tumors  were  always  multiple,  and  their  combined  weights 
were  measured  in  each  mouse  (Fig.  65).  In  contrast,  the  vector- 
transfected  NIH  3T3  cells  did  not  grow  tumors  during  the  course 
of  this  study. 

Discussion 

NAC-1  was  first  identified  and  cloned  as  a  transcript  induced  in  the 
nucleus  accumbens  from  rats  treated  with  cocaine  (15).  The  nucleus 
accumbens  is  a  unique  forebrain  structure  involved  in  reward 
motivation  (16)  and  many  addictive  behaviors  (17-19).  Except  for 
its  role  in  cocaine-induced  expression  in  animal  brains,  the  cellular 
function  of  NAC-1  is  unknown.  In  this  study,  we  demonstrate  that 
NAC-1  is  a  previously  uncharacterized  cancer-associated  gene, 
because  the  NAC-1  expression  level  is  significantly  increased  in 
several  types  of  cancers  including  ovarian  cancer,  cervical  adeno¬ 
carcinoma,  and  breast  cancer.  We  showed  that  NAC-1  was  required 
for  cell  proliferation  and  survival  and  was  sufficient  to  enhance 
tumorigenicity  in  athymic  nu/nu  mice. 

Cancer  mortality  and  morbidity  are  related  to  recurrent  and 
metastatic  disease.  Therefore,  a  positive  correlation  between 
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Fig.  6.  Effects  of  constitutive  expression  of  NAC-1  in  immortalized  ovarian  surface  epithelial  cells  (MOSE)  and  NIH  3T3  cells.  Western  blot  analysis  shows  NAC-1 
expression  in  stable  clones  of  NAC-1 -expressing  MOSE  cells  (A)  and  NIH  3T3  cells  (D).  Upper  blots,  NAC-1;  lower  blots,  GAPDH.  Growth  curves  show  a  higher 
proliferation  activity  in  both  NAC-1  clones  as  compared  with  vector-transfected  control  under  a  low  serum  (0.5%)  culture  condition  in  MOSE  cells  (A)  and  NIH 
3T3  cells  (D).  The  weights  of  s.c.  tumors  increase  in  NAC-1-expressing  MOSE  tumors  as  compared  with  control  MOSE  in  nude  mice  (6).  A  representative 
photomicrograph  shows  a  s.c.  NAC-1 -expressing  MOSE  tumor  (0-  Similarly,  the  combined  tumor  weights  of  tumors  in  the  peritoneal  wall  of  the  NAC-1 -expressing 
NIH  3T3  cells  are  greater  than  the  controls  (£).  (F)  Cell  proliferation  was  determined  by  a  BrdU-incorporation  assay,  and  all  NAC-1 -expressing  clones  have  a  higher 
proliferation  rate  than  the  vector-only  control.  Data  are  presented  as  mean  +  SD. 


NAC-1  expression  and  recurrence  status  in  ovarian  carcinoma  as 
shown  in  this  study  has  significant  biological  and  clinical  implica¬ 
tions.  First,  NAC-1  expression  may  directly  contribute  to  tumor 
recurrence  and  tumor  progression.  However,  a  lack  of  correlation 
between  NAC-1  expression  and  in  vitro  drug  resistance  to  taxol, 
carboplatin,  and  cisplatin,  the  primary  chemotherapeutic  agents 
used  in  the  treatment  of  ovarian  cancer  patients,  suggests  that 
NAC-1  may  not  directly  participate  in  the  development  of  drug 
resistance.  Because  the  etiology  of  tumor  recurrence  is  multifac¬ 
torial,  it  is  likely  that  NAC-1  overexpression  confers  a  growth 
advantage  to  tumor  cells  by  providing  them  with  higher  prolifera¬ 
tive  and  lower  apoptotic  activity  as  shown  in  this  study.  Second,  we 
demonstrated  that  intense  NAC-1  immunoreactivity  in  primary 
tumors  is  highly  predictive  of  a  shorter  disease-free  interval; 
therefore,  NAC-1  expression  may  potentially  be  used  alone  or  in 
combination  with  other  markers  as  a  prognostic  test  to  identify 
ovarian  cancer  patients  who  are  likely  to  develop  early  recurrence. 
This  finding  can  have  potential  clinical  implications  because  at  least 
60%  of  advanced-stage  ovarian  cancer  patients  who  appear  to  be 
disease-free  after  completing  primary  therapy  ultimately  develop 
recurrent  disease  (20).  Thus,  patients  with  NAC-l-positive  ovarian 
serous  carcinoma  can  be  monitored  more  closely  to  detect  recurrent 
tumor.  It  has  been  demonstrated  that  ovarian  carcinoma  patients 
can  most  benefit  from  secondary  cytoreduction  when  the  recurrent 
tumor  is  small  and  localized  (20-24). 

Similar  to  other  BTB/POZ  members,  the  NAC-1  BTB/POZ 
domain  is  essential  and  sufficient  for  NAC-1  homomerization. 
Based  on  immunoprecipitation  using  the  NAC-1  antibody  and 
tumor  lysates  from  ovarian  cancer  tissues  that  expressed  NAC-1,  we 
did  not  detect  other  proteins  that  were  pulled  down  with  NAC-1, 
suggesting  that  NAC-1  molecules  may  homooligomerize  to  each 
other.  The  dominant-negative  strategy  using  the  N130  deletion 
mutant  suggests  that  homooligomerization  of  NAC-1  is  required  for 
formation  of  NAC-1  nuclear  bodies.  Although  both  N130  and  N250 
deletion  mutants  can  be  coimmunoprecipitated  and  colocalized 
with  wild-type  (full-length)  NAC-1  molecules,  they  transformed  the 
morphology  of  NAC-1  bodies,  suggesting  that  both  the  BTB/POZ 


domain  and  the  C-terminal  motif  of  the  NAC-1  molecule  are 
critical  for  NAC-1  body  formation.  This  finding  is  consistent  with 
what  has  been  observed  in  LAZ3/BCL6  proteins  in  which  the  BCL6 
BTB/POZ  domain  has  the  capability  to  self-interact  and  target  the 
protein  to  form  discrete  nuclear  substructures  (25).  Furthermore, 
expression  of  the  N130  mutant  but  not  miniN130  mutants  that 
failed  to  bind  to  NAC-1  suppressed  cellular  proliferation  and 
induced  apoptosis,  suggesting  that  interaction  among  NAC-1  mol¬ 
ecules  or  between  NAC-1  and  other  partner  protein(s)  through 
their  BTB/POZ  domains  is  essential  for  NAC-l-regulated  tumor 
cell  growth  and  survival.  This  result  is  similar  to  BCL-6  in  which  the 
peptide  inhibitors  that  block  interaction  between  the  BCL-6  BTB/ 
POZ  domain  and  corepressors  abrogate  BCL-6  oncogenic  func¬ 
tions  in  B  cells  and  suggests  that  targeting  the  BTB/POZ  domain  of 
a  specific  BTB/POZ  member  may  provide  an  approach  for  cancer 
therapy  (5).  Besides  its  critical  role  in  maintaining  cell  proliferation 
and  survival,  NAC-1  expression  could  also  enhance  cellular  pro¬ 
liferation  and  induce  tumorigenicity  in  athymic  nu/nu  mice.  These 
findings  suggest  that  NAC-1  is  a  gene  with  oncogenic  potential  in 
ovarian  carcinomas. 

In  conclusion,  this  study  shows  that  expression  of  NAC-1,  a 
member  of  BTB/POZ  family,  is  associated  with  the  development  of 
recurrent  ovarian  serous  carcinoma.  Homo-oligomerization  of 
NAC-1  proteins  through  the  BTB/POZ  domains  is  essential  for  cell 
survival  in  carcinomas  that  express  NAC-1.  Targeting  the  BTB/ 
POZ  domain  of  NAC-1  could  be  a  molecular  strategy  for  drug 
intervention  in  ovarian  cancer  and  other  types  of  cancer  with 
NAC-1  overexpression. 

Materials  and  Methods 

For  detailed  procedures  of  quantitative  PCR,  siRNA  knockdown, 
and  tumor  xenograft  assay,  please  see  Supporting  Material  and 
Methods,  which  is  published  as  supporting  information  on  the 
PNAS  web  site. 

Tag  Counts  of  the  BTB/POZ  Family  Genes  from  SAGE  Libraries.  Proteins 
matching  the  PS50097  profile  of  the  BTB/POZ  domain  amino  acid 
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sequence  were  extracted  from  the  Swiss-Prot/TrEMBL  protein 
databank  released  on  January  16,  2006  (http://us.expasy.org/cgi- 
bin/get-entries?DR=PS50097&db=tr&db=sp&view=tree).  A  to¬ 
tal  of  130  BTB/POZ  genes  were  identified.  The  expression  levels  of 
the  BTB/POZ  gene  family  members  were  determined  from  the 
ovarian  tumor  SAGE  libraries  by  obtaining  the  SAGE  tag  counts 
for  each  BTB/POZ  gene.  The  libraries  included  the  OSE  cells 
(SV-40  immortalized  IOSE29  (26)  and  short-term  cultured 
HOSE4),  benign  cystadenoma  (ML10),  ovarian  high-grade  serous 
carcinoma  tissues  (HG63,  HG48,  HG92,  OVT6,  OVT7,  and 
OVT8),  and  ovarian  cancer  cell  lines  (OVCAR3  and  A2780).  All 
libraries  have  been  published  (27),  except  HG63,  HG48  and  HG92 
which  were  established  in  this  study.  The  NAC-l-specific  SAGE 
tags  included  TTCCCGGCCC,  TGAAGGCAGT,  CCTATA- 
ATCG,  AGTGCCAGGG,  AGAATATCAG,  GAGGGAGGGA, 
and  GTTCCCCCAC.  By  using  a  minimum  tag  count  setting  of  >1, 
these  NAC-1  tags  were  tallied  and  normalized  per  100,000  total  tags 
for  each  SAGE  library.  To  select  the  candidate  gene(s)  for  further 
study,  we  first  select  those  with  a  high  average  tag  count  (>10  tags 
per  100,000  tags)  in  ovarian  carcinoma  libraries,  followed  by  the 
highest  ratio  of  average  tag  counts  in  ovarian  carcinoma  to  the 
benign  controls  (IOSE29,  HOSE4,  and  ML10). 

To  determine  the  NAC-1  expression  levels  among  different 
cancer  libraries,  we  compared  NAC-1  tag  counts  among  81  SAGE 
libraries  (http://cgap.nci.nih.gov/SAGE)  (28,  29)  from  carcinomas 
and  normal  tissues  of  ovary,  pancreas,  liver,  colon,  kidney,  prostate, 
and  breast  (30).  NAC-1  tag  counts  for  each  library  were  retrieved 
by  filtering  for  tag  sequences  that  matched  uniquely  to  NAC-1 
according  to  the  April  15,  2005  SAGEMap  available  on  the  public 
National  Center  for  Biotechnology  Information  FTP  site  (ftp:// 
ftp.ncbi.nlm.nih.gov/pub/sage/map/Hs/NlaIII). 

Immunohistochemistry  and  Immunoelectron  Microscopy.  Paraffin- 
embedded  tumor  tissues  were  obtained  from  the  Department  of 
Pathology  at  the  Johns  Hopkins  Hospital  and  effusion  ovarian 
cancer  samples  were  obtained  from  the  Norwegian  Radium  Na¬ 
tional  Hospital  in  Norway.  These  included  182  high-grade  ovarian 
serous  carcinoma  tissues  (154  stage  III  and  28  stage  IV),  44 
low-grade  ovarian  serous  carcinoma  tissues  (42  stage  III  and  2  stage 
IV),  172  high-grade  ovarian  carcinoma  effusion  samples  (1  stage  I, 
6  stage  II,  97  stage  III,  and  68  stage  IV),  and  32  cervical  adeno¬ 
carcinomas.  In  addition,  21  benign  ovarian  cystadenomas,  18 
normal  ovaries,  and  8  normal  cervical  tissues  were  included  for 
comparison.  Acquisition  of  tissue  specimens  and  clinical  informa¬ 
tion  was  approved  by  an  institutional  review  board  (Johns  Hopkins 
Medical  Institutions)  or  by  the  Regional  Ethics  Committee  (Nor¬ 
wegian  Radium  Hospital). 
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For  immunohistochemistry  studies,  we  generated  a  mouse 
NAC-1  monoclonal  antibody  by  immunizing  mice  with  the  NAC-1 
recombinant  protein  using  a  standard  hybridoma  protocol  (31). 
Immunohistochemistry  was  performed  on  deparaffinized  sections 
by  using  the  NAC-1  antibody  at  a  dilution  of  1:100  and  an 
EnVision+System  peroxidase  kit  (DAKO,  Carpinteria,  CA).  Im- 
munoreactivity  was  scored  by  two  investigators  as  follows:  0, 
undetectable;  1+,  weakly  positive;  2+,  moderately  positive;  and 
3+,  intensely  positive.  NAC-1  immunoreactivity  was  not  detectable 
(immunointensity  score  =  0)  or  weak  (1+)  in  normal  OSE  and 
benign  serous  cystadenomas.  For  ultrastructure  study  of  NAC-1 
bodies,  we  applied  ImmunoGold  labeling  on  NAC-1 -expressing- 
RK3E  cells,  followed  by  electron  microscopy. 

Coimmunoprecipitation  and  Double  Immunofluorescence  Staining.  A 

series  of  AMC-7-deletion  mutants  including  N130  (encoding  the 
amino  acids  1-129  at  the  N  terminus),  N250  (amino  acids  1-263  at 
the  N  terminus),  M120  (amino  acids  123-263  in  the  middle 
portion),  and  C250  (amino  acids  257-528  at  the  C  terminus)  were 
generated  by  PCR.  Both  N130  and  N250  mutants  contained  the 
BTB/POZ  domain  (amino  acids  20-122)  of  NAC-1.  In  addition, 
two  miniN130  expression  constructs  were  generated,  and  they 
included  N65  (encoding  the  first  1-65  aa  of  the  BTB  domain)  and 
N30-122  (30-122  aa).  PCR  products  of  the  /V/1C-/ -deletion  mu¬ 
tants  were  cloned  into  an  expression  vector,  pCDNA4  with  an 
Xpress  tag  at  the  N  terminus.  RK3E  cells  were  first  stably  trans¬ 
fected  with  pCDNA6/V5/NAC-l  and  then  transiently  transfected 
with  the  pCDNA4/NAC-  1-deletion  mutants.  Coimmunoprecipita¬ 
tion  was  performed  to  assess  the  specific  structural  motifs  that 
bound  to  full-length  NAC-1.  For  immunofluorescence  staining, 
cells  were  incubated  with  primary  antibodies,  followed  by  fluores¬ 
cence-labeled  secondary  antibodies. 

N130-lnducible  Construct,  Cell  Proliferation,  and  Apoptosis  Assays. 

The  Tet-Off  inducible  system  was  used  to  assess  the  biological 
effects  of  N130.  HeLa  and  SKOV3  cells  that  constitutively  ex¬ 
pressed  tTA  (tetracycline-controlled  transactivator)  were  trans¬ 
fected  with  pBI-N130/EGFP  or  pBI-C250/V5-EGFP  (control)  that 
bicistronically  expressed  the  products  of  interest  and  reporter 
EGFP  upon  the  binding  of  tTA  to  the  tetracycline -responsive 
element  in  the  absence  of  inducer  (doxycycline).  Cell  proliferation 
and  apoptosis  assays  were  performed  as  described  (32)  in  96-well 
plates. 
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Abstract 

Gene  amplification  is  one  of  the  common  mechanisms  that 
activate  oncogenes.  In  this  study,  we  used  single  nucleotide 
polymorphism  array  to  analyze  genome-wide  DNA  copy 
number  alterations  in  31  high-grade  ovarian  serous  carcino¬ 
mas,  the  most  lethal  gynecologic  neoplastic  disease  in  women. 
We  identified  an  amplicon  at  19pl3.12  in  6  of  31  (19.5%) 
ovarian  high-grade  serous  carcinomas.  This  amplification  was 
validated  by  digital  karyotyping,  quantitative  real-time  PCR, 
and  dual-color  fluorescence  in  situ  hybridization  (FISH) 
analysis.  Comprehensive  mRNA  expression  analysis  of  all  34 
genes  within  the  minimal  amplicon  identified  Notch3  as  the 
gene  that  showed  most  significant  overexpression  in  amplified 
tumors  compared  with  nonamplified  tumors.  Furthermore, 
Notch3  DNA  copy  number  is  positively  correlated  with  Notch3 
protein  expression  based  on  parallel  immunohistochemistry 
and  FISH  studies  in  111  high-grade  tumors.  Inactivation  of 
Notch3  by  both  y-secretase  inhibitor  and  Notch3-specific 
small  interfering  RNA  suppressed  cell  proliferation  and 
induced  apoptosis  in  the  cell  lines  that  overexpressed  Notch3 
but  not  in  those  with  minimal  amount  of  Notch3  expression. 
These  results  indicate  that  Notch3  is  required  for  proliferation 
and  survival  of  Notch3 -amplified  tumors  and  inactivation  of 
Notch3  can  be  a  potential  therapeutic  approach  for  ovarian 
carcinomas.  (Cancer  Res  2006;  66(12):  6312-8) 

Introduction 

Gene  amplification  is  one  of  the  key  mechanisms  in  activating 
oncogenes  in  human  cancer  (1).  Ovarian  cancer  is  the  most 
malignant  gynecologic  neoplasm.  Each  year,  ~  16,000  women  will 
succumb  to  this  disease.  In  ovarian  carcinomas,  amplifications  of 
cyclin  El  (2),  Her2/neu  (3),  AKT2  (4),  L-Myc  (5),  and  Rsf-1  (6)  have 
been  reported.  Because  these  amplifications  occur  only  in  a  subset 
of  tumors,  it  is  expected  that  additional  oncogenic  amplifications 
will  be  identified.  Recent  developments  of  molecular  genetic 
techniques  that  allow  a  genome-wide  exploration  of  DNA  copy 
number  in  cancer  have  provided  investigators  unprecedented 
opportunities  to  analyze  cancer  genome  in  great  details.  For 
example,  single  nucleotide  polymorphism  (SNP)  array  has  been 
recently  shown  as  an  effective  tool  in  discovering  amplified 
chromosomal  regions  (7,  8).  In  the  current  study,  we  did  SNP 
array  analysis  on  31  high-grade  ovarian  serous  carcinomas  purified 
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from  fresh  clinical  samples  and  identified  a  chromosomal  region  at 
19pl3.12  that  is  frequently  amplified.  One  of  the  genes  within  this 
amplicon,  Notch3,  showed  the  most  significant  correlation  between 
gene  copy  numbers  and  transcript  expression  in  ovarian  cancer, 
suggesting  that  Notch3  is  a  candidate  oncogene  in  the  chrl9pl3.12 
amplicon. 

Materials  and  Methods 

Tumor  specimens.  For  SNP  arrays,  tissue  samples,  including  31  high- 
grade  and  7  low-grade  ovarian  serous  carcinomas,  were  obtained  from  the 
department  of  pathology  at  the  Johns  Hopkins  Hospital  and  the  Norwegian 
Radium  Hospital  in  Norway.  Tumor  cells  were  affinity  purified  by  anti- 
EPCAM-conjugated  beads.  In  addition,  genomic  DNA  from  13  normal 
ovarian  tissues  was  prepared  for  controls.  For  quantitative  reverse 
transcription-PCR  (RT-PCR),  89  frozen  tumor  tissues  were  used  to  extract 
RNA,  and  nine  normal  ovarian  tissues  were  also  included  as  controls. 
Acquisition  of  tissue  specimens  and  clinical  information  was  approved  by 
an  institutional  review  board  (Johns  Hopkins  University)  or  by  the  Regional 
Ethics  Committee  (Norway). 

SNP  array.  SNPs  were  genotyped  using  10K  arrays  (Affymetrix,  Santa 
Clara,  CA)  in  the  Microarray  Core  Facility  at  the  Dana-Farber  Cancer 
Institute  (Boston,  MA).  A  detailed  protocol  is  available  at  the  Core  center 
web  page.4  Briefly,  genomic  DNA  was  cleaved  with  the  restriction  enzyme, 
Xbal,  ligated  with  linkers,  followed  by  PCR  amplification.  The  PCR  products 
were  purified  and  then  digested  with  DNasel  to  a  size  ranging  from  250  to 
2,000  bp.  Fragmented  PCR  products  were  then  labeled  with  biotin  and 
hybridized  to  the  array.  Arrays  were  then  washed  on  the  Affymetrix  fluidics 
stations.  The  bound  DNA  was  then  fluorescently  labeled  using  streptavidin- 
phycoerythrin  conjugates  and  scanned  using  the  Gene  Chip  Scanner  3000. 

dChip  software  version  1.3  was  used  to  analyze  the  SNP  array  data  as 
described  previously  (7,  8).  Data  was  normalized  to  a  baseline  array  with 
median  signal  intensity  at  the  probe  intensity  level  using  the  invariant  set 
normalization  method.  A  model-based  (PM/MM)  method  was  used  to 
obtain  the  signal  values  for  each  SNP  in  each  array.  Signal  values  for  each 
SNP  were  compared  with  the  average  intensities  from  13  normal  samples. 
To  infer  the  DNA  copy  number  from  the  raw  signal  data,  we  used  the 
Hidden-Markov  model  (7)  based  on  the  assumption  of  diploidy  for  normal 
samples.  Mapping  information  of  SNP  locations  and  cytogenetic  band  were 
based  on  curation  of  Affymetrix  and  University  of  California  Santa  Cruz 
hgl5.  A  cutoff  of  >2.8  copies  in  more  than  three  consecutive  SNPs  was 
defined  as  amplification. 

Digital  karyotyping.  Purified  carcinoma  cells  as  described  in  the  SNP 
array  method  were  used  to  generate  digital  karyotyping  library  as  previously 
described  (9).  Approximate  120,000  genomic  tags  were  obtained  for  each 
digital  karyotyping  library.  After  removing  the  nucleotide  repeats  in  human 
genome,  the  average  of  filtered  tags  was  66,000  for  each  library.  We  set  up  a 
window  size  of  300  (300  virtual  tags)  for  the  analysis  in  this  study.  Based  on 
Monte  Carlo  simulation,  the  variables  used  in  this  study  can  reliably  detect 
>0.6  Mb  amplicon  with  >5-fold  amplification  with  >99%  sensitivity  and  100% 
positive  predictive  value. 


4  http:/ / chip.dfci.harvard.edu/lab/ services.php. 
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Figure  1.  Identification  of  chr19p13.12  amplification  in  high-grade  ovarian  serous  carcinomas.  A,  SNP  array  analysis  shows  several  distinct  amplicons  on  chromosome 
19  ( top  to  bottom,  p  to  q  arm)  including  the  cyclin  El  and  AKT2  loci  and  a  novel  amplicon  at  chr19p13.12  {bracket).  An  increase  in  DNA  copy  number  is  indicated 
by  a  gradient  in  color  with  0  copy  in  white  and  five  or  more  copies  in  red.  Each  column  represents  an  individual  tumor  sample.  B,  quantitative  real-time  PCR  on  genomic 
DNA  validates  the  amplification  on  the  six  tumors  with  chr19p13.12  amplification  identified  by  the  SNP  array  analysis.  C,  comparison  of  DNA  copy  number  using 
SNP  array  and  digital  karyotyping  on  chromosome  19.  The  data  of  SNP  array  is  compared  with  that  of  digital  karyotyping  analysis  on  two  representative  specimens. 
Left,  tumor  2,  which  contains  a  high  copy  number  amplification  at  chr19p13.12.  Right,  tumor  1,  which  contains  a  low  copy  number  gain  at  chr19p13.12.  Both  SNP 
array  and  digital  karyotyping  analyses  show  a  similar  pattern  of  DNA  copy  number  alterations. 


Fluorescence  in  situ  hybridization  and  quantitative  real-time  PCR. 

BAC  clones  (RP11-937H1  and  RP1 1-319010)  containing  the  genomic 
sequences  of  the  19pl3.12  amplicon  at  15.00  to  15.25  Mb  were  purchased 
from  Bacpac  Resources  (Children’s  Hospital,  Oakland,  CA).  BAC  clone 
(RP11-752A21),  located  at  19ql3.42  (59.26-59.46  Mb),  was  used  to  generate 
the  reference  probe.  The  method  for  fluorescence  in  situ  hybridization 
(FISH)  has  been  detailed  in  a  previous  report  (6). 

Relative  gene  expression  and  genomic  amplification  levels  were  measured 
by  quantitative  real-time  PCR  using  methods  previously  described  (9,  10). 
PCR  primers  were  designed  using  the  Primer  3  program  and  the  nucleo¬ 
tide  sequences  of  the  primers  for  determining  transcript  expression  were 
listed  in  Supplementary  Table  SI.  The  primer  sequences  to  determine  the 
19pl3.12  genomic  amplification  were  5 -GCCTGTGGCTGAAAATTAAGG-3' 
and  5'-TCAATGTCCACCTCGCAATAG-3'. 

Immunohistochemistry.  A  rabbit  polyclonal  anti-Notch3  antibody  was 
purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA)  and  was  used  in 
the  immunohistochemistry.  An  EnVision-t- System  peroxidase  kit  (DAKO, 
Carpinteria,  CA)  was  used  for  staining  following  the  protocol  provided  by 
the  manufacturer.  Tissue  microarrays  (triplicate  1.5  mm  cores  from  each 
specimen)  including  111  high-grade  serous  carcinomas  and  10  normal 
ovaries  were  used  to  facilitate  immunohistochemistry.  Immunointensity 
was  scored  as  negative  (0),  negligible  (1+),  moderate  (2+),  and  intense  (3+), 
and  two  investigators  independently  scored  all  the  samples.  For  discordant 
cases,  a  third  investigator  scored  and  the  final  intensity  score  was 
determined  by  the  majority  scores. 

Cell  proliferation  and  apoptosis  assays.  Cells  were  grown  in  96-well 
plates  at  a  density  of  4,000  per  well.  Type  1  y-secretase  inhibitor  was 
purchased  from  Calbiochem  (San  Diego,  CA)  and  was  dissolved  in  DMSO 


as  4  mmol/L  stock  solution.  Cells  were  treated  with  y-secretase  inhibitor 
with  DMSO  final  concentration  <0.1%.  Notch3-specific  small  interfering 
RNA  (siRNA)  (rGrUrCrArArUrGrUrUrCrArCrUrUrCrGrCrArGrUrU  and 
rGrCrGrUrGrGrArUrUrCrGrGrArCrCrArGrUrCrUrGrArGrArGrGrG)  and 
control  siRNA  that  targets  the  Luciferase  gene  (rGrArUrUrArArArUrCrUr- 
UrCrUrArGrCrGrArCrUrGrCrUrUrCrGrC)  were  synthesized  by  Integrated 
DNA  Technologies  (Coralville,  IA).  Cells  were  treated  with  siRNA  at  a  final 
concentration  of  200  nmol/L. 

Cell  number  was  measured  by  the  fluorescence  intensity  of  SYBR  green 
I  nucleic  acid  gel  stain  (Molecular  Probes,  Eugene,  OR)  using  a 
fluorescence  microplate  reader  (Fluostar  from  BMG,  Durham,  NC).  Data 
was  determined  from  five  replicates  and  was  expressed  as  the  percentage 
of  the  inhibitor  or  Notch3  siRNA- treated  cells  versus  DMSO  or  control 
siRNA-treated  cells.  BrdUrd  uptake  and  staining  were  done  using  a  cell 
proliferation  kit  (Amersham,  Buckinghamshire,  England,  United  Kingdom) 
and  apoptotic  cells  were  detected  using  an  Annexin  V  staining  kit 
(Bio Vision,  Mountain  View,  CA).  The  percentage  of  BrdUrd-positive  and 
Annexin  V-positive  cells  was  determined  by  counting  —400  cells  from 
each  well  in  96-well  plates.  The  data  was  expressed  as  mean  ±  1  SD  from 
triplicates. 

Results  and  Discussion 

Amplification  of  chromosome  19  in  ovarian  serous  carci¬ 
nomas.  SNP  arrays  were  used  to  search  for  genome-wide  DNA 
copy  number  alterations  in  31  high-grade  and  7  low-grade  ovarian 
serous  carcinomas.  In  addition,  13  normal  ovarian  tissues  were 
analyzed  as  controls.  We  found  several  distinct  amplifications  on 
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chromosome  19  specific  to  high-grade  serous  carcinomas.  Among 
them,  amplification  of  the  cyclin  El  locus  was  present  in  10  of  31 
(32.2%)  samples  and  amplification  of  AKT2  locus  in  9  of  31  (29%) 
samples.  Both  cyclin  El  and  AKT2  have  been  previously  reported  as 
potential  oncogenes  that  are  frequently  amplified  in  ovarian 
cancer.  More  importantly,  a  novel  amplification  on  chrl9pl3.12 
was  identified  in  6  of  31  (19.5%)  high-grade  carcinomas.  The  peak 
copy  number  changes  in  these  six  amplified  tumors  ranged  from 
four  to  nine  copies  based  on  SNP  array  analysis  (Fig.  L4  and  B). 
In  contrast  to  high-grade  serous  carcinomas,  no  evidence  of 
amplification  at  19pl3.12,  or  cyclin  El  or  AKT2  loci  could  be 
detected  in  low-grade  ovarian  tumors  or  normal  ovarian  tissues. 

Three  independent  methods  were  used  to  validate  the  19pl3.12 
amplification.  First,  digital  karyotyping  was  done  on  a  tumor  with 
low  level  of  gain  (four  copies)  and  a  tumor  with  high  level  of 
amplification  (nine  copies)  based  on  SNP  array  analysis.  Digital 
karyotyping  is  a  recently  developed  genome-wide  technology  that 
allows  a  precise  measurement  of  DNA  copy  number  at  high 
resolution  (9).  The  method  has  been  used  to  identify  new 
amplicons  in  human  cancer  (6,  11-13)  and  using  digital  karyotyp¬ 
ing,  we  found  similar  location  and  amplitude  of  these  amplicons 
detected  by  SNP  arrays  (Fig.  1C).  Second,  quantitative  real-time 
PCR  was  used  to  measure  the  copy  number  of  the  predicted 
amplification  in  all  of  the  six  tumors  (Fig.  15).  The  amplification 
levels  based  on  the  SNP  arrays  were  generally  in  agreement  with 
quantitative  PCR  but  with  an  underestimation  of  copy  number  in 


those  samples  with  high  amplitude  of  amplifications.  This  could  be 
due  to  the  saturation  of  probe  hybridization  signal  associated  with 
array  platform.  Third,  dual-color  FISH  analysis  was  done  on  all  six 
amplified  tumors  using  a  BAC  clone  located  at  the  19pl3.12 
amplicon  and  a  BAC  clone  located  at  the  19q  as  the  reference.  All  of 
the  six  cases  showed  increased  target  signals  compared  with  the 
reference  signals.  Among  them,  four  cases  showed  a  pattern  of 
chromosomal  gain  and  two  cases  showed  a  pattern  of  homoge¬ 
nously  staining  region.  Taken  together,  the  above  results  confirmed 
amplification  of  19pl3.12  in  high-grade  ovarian  serous  carcinomas. 

Notch3  as  the  candidate  cancer-related  gene  in  the  19pl3.12 
amplicon.  To  select  the  most  promising  tumor-associated  gene 
within  the  minimal  amplicon,  we  aligned  the  amplicons  from  these 
six  tumors  and  delineated  a  common  region  of  amplification 
(minimal  amplicon),  which  spanned  from  14.60  to  16.47  Mb  on 
chromosome  19p  and  contained  34  genes  (Fig.  2).  To  identify  the 
candidate-amplified  tumor-associated  gene  within  the  amplicon, 
we  correlated  the  gene  copy  number  and  gene  expression  levels  for 
all  34  genes  based  on  the  rationale  that  a  tumor-driving  gene,  when 
amplified,  should  overexpress  to  activate  its  tumorigenic  pathway, 
whereas  coamplified  “passenger”  genes  that  are  not  related  to 
tumor  development  may  or  may  not  do  so  (14).  This  approach  can 
be  useful  to  narrow  down  the  candidate  gene  lists,  although  some 
amplification  events  may  not  necessarily  have  overexpression  of 
the  gene  of  interest.  The  mRNA  levels  were  measured  using 
quantitative  RT-PCR  on  five  high-grade  carcinomas  with  19pl3.12 


5 


20 


T 


I 


Mb 


high-grade  carcinoma 


.  ASF1B 
/  LPHN1 
/  CD97 
/  DDX39 
/  RGS19IP1 

/  DNAJB1 

/  GPSN2 
/  NDUFB7 

/  EMR3 

/  ZNF333 

/  EMR2 

/  7h3 

/  ILVBL 

/  NOTCH3 

/  ABHD9 

J  BRD4 

AKAP8 
AKAP8L 
CYP4F8 
CYP4F3 
CYP4F12 
CYP4F2 
CYP4F11 
OR10H4 
FLJ25328 
TPM4 
RAB8A 
HSH2D 
CIB3 
FAM32A 
API  Ml 
KLF2 
EPS15L1 
CALR3 


<-10  <  -8  <  -6  <  -4 


>4  >6  >8  >10 


Figure  2.  Gene  expression  analysis  of  the  19p13.12  amplicon  in  ovarian  tumors.  Left,  alignment  of  the  amplicons  from  the  19p13.12-amplified  tumors  reveals  a 
common  region  of  amplification  spanning  from  14.60  to  16.47  Mb  at  chromosome  19p.  Right,  quantitative  real-time  PCR  was  done  for  all  34  genes  located  within 
the  minimal  amplicon  in  high-grade  serous  carcinomas  with  or  without  1 9p1 3. 1 2  amplification  and  benign  OSE  cells  were  used  as  controls.  The  expression  level  of  each 
gene  (top  to  bottom,  centromeric  to  telomeric)  in  individual  specimen  is  shown  as  a  pseudocolor  gradient  based  on  the  relative  expression  level  of  a  given  specimen 
to  the  average  value  derived  from  five  benign  OSE  samples. 


Cancer  Res  2006;  66:  (12).  June  15,  2006 


6314 


www.aacrjournals.org 


Notch 3  Gene  Amplijtf^p^irid  Cancer 


p<  0.001 


p<  0.05 


CD 

C/5 

03 

CD 

s_ 

o 

c 


500 

400 

300 


0 


-  50 


o 


ig 


OSE 


LGCA 


HGCA 


B 


Non-amplified 

Amplified 

Figure  3.  Overexpression  and  amplification  of  Notch3  in  high-grade  ovarian 
carcinomas.  A,  mRNA  expression  level  of  Notch3  for  each  specimen  is 
measured  by  quantitative  RT-PCR  and  is  expressed  as  fold  increase  relative  to 
the  average  value  derived  from  nine  OSE  samples.  Each  symbol  represents  one 
specimen.  The  sample  with  circle  harbored  19p13.12  amplification,  which  is 
shown  in  (B).  B,  FISH  analysis  shows  a  homogenously  stained  region  in  an 
amplified  tumor  (right)  with  a  high  level  of  mRNA  expression.  A  nonamplified 
tumor  (left)  is  also  shown  as  a  control. 


amplification,  11  high-grade  tumors  without  such  amplification, 
and  five  benign  ovarian  tissues  including  four  OSE  samples  and  a 
benign  ovarian  cyst.  The  expression  levels  for  each  gene  were 
normalized  to  the  average  value  of  benign  tissues  (Fig.  2).  Mann- 
Whitney  U  test  was  used  to  compute  and  compare  the  difference  in 
gene  expression  levels  between  the  19pl3.12  amplified  versus 
nonamplified  high-grade  carcinomas.  Among  the  34  genes  within 
the  minimal  amplicon,  Notch3  showed  the  most  consistent  and 
significant  up-regulation  in  19pl3.12-amplified  tumors  compared 
with  nonamplified  tumors  (P  =  0.0018).  Other  genes  in  the 
amplicon,  such  as  DDX39  and  ADHD9,  also  showed  a  significant 
overexpression  in  the  amplified  versus  nonamplified  tumors 
(P  =  0.01  and  P  =  0.02,  respectively),  it  is  plausible  that  these 
genes  also  contribute  to  the  tumorigenesis  in  ovarian  cancer.  In 
this  study,  we  selected  NotchS  for  further  characterization  because 
it  showed  the  most  significant  P  value.  We  further  correlated 
NotchS  DNA  and  mRNA  copy  number  in  a  set  of  31  samples  in 
which  both  tissues  and  RNA  samples  were  available  for  FISH  and 
quantitative  RT-PCR  analyses.  Our  data  showed  a  moderate 
positive  correlation  of  these  two  variables  with  a  correlation 
coefficient  of  0.481  (Spearman  rank-order  test,  P  <  0.05). 

The  above  results,  together  with  previous  reports  showing  that 
Notch3  participates  in  both  development  and  oncogenesis,  suggest 


that  Notch3  is  a  candidate  “driving”  gene  in  the  19pl3.12  amplicon. 
Therefore,  Notch3  was  prioritized  for  further  characterization  in 
this  study.  We  then  did  quantitative  RT-PCR  on  a  large  panel  of 
ovarian  serous  tumors  to  determine  Notch3  mRNA  levels.  As 
shown  in  Fig.  3 A,  Notch3  was  overexpressed  in  66%  (51  of  77)  of 
high-grade  tumors,  but  only  in  33%  (4  of  12)  of  low-grade  tumor 
compared  with  normal  ovarian  surface  epithelium  (OSE).  In 
addition,  the  top  five  tumors  with  the  highest  Notch3  mRNA 
expression  harbored  19pl3.12  amplification  (Fig.  3B),  further 
supporting  NotchS  as  a  candidate  amplified  gene  that  is  important 
in  tumor  development.  Mann- Whitney  U  test  showed  that  there  was 
a  statistically  significant  difference  in  the  levels  of  Notch3  expression 
between  OSE  and  high-grade  serous  carcinomas  (P  <  0.001)  and 
between  OSE  and  low-grade  serous  carcinomas  (P  <  0.05).  However, 
there  was  no  significant  difference  between  low-grade  and  high- 
grade  carcinomas  ( P  =  0.3187). 
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Figure  4.  Immunoreactivity  of  Notch3  in  ovarian  tumors.  A,  immunoreactivity 
of  Notch3  is  not  detectable  in  normal  OSE  (a  and  b)  but  is  overexpressed  in  55% 
of  high-grade  serous  carcinoma.  Immunolocalization  of  Notch3  is  detected  in 
both  nucleus  and  cytoplasm  in  the  tumor  cells  (c  and  d).  B,  correlation  of  Notch3 
immunointensity  and  DNA  copy  number  ratio  in  high-grade  serous  carcinomas. 
The  intensity  of  Notch3  immunoreactivity  positively  correlates  with  the  Notch3 
DNA  copy  ratio  based  on  FISH  analysis.  Furthermore,  there  is  a  statistically 
significant  difference  between  tumors  with  intense  staining  intensity  (3+)  and 
those  without  (Mann-Whitney  U  test). 
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Figure  5.  Effects  of  7-secretase  inhibitor  on  cell  proliferation  and  apoptosis 
in  cell  lines.  A,  Western  blot  analysis  shows  a  higher  expression  level  of 
Notch3  protein  in  OVCAR3,  A2780,  and  MCF-7  cells  compared  with  the  other 
cell  lines  in  which  the  Notch3  protein  is  not  detectable.  B,  7-secretase  inhibitor 
significantly  reduces  the  cell  number  in  cell  lines  with  Notch3  overexpression, 
including  OVCAR3,  A2780,  and  MCF-7  compared  with  those  without  Notch3 
overexpression.  7-Secretase  inhibitor  decreases  DNA  synthesis  (C)  and 
increases  apoptosis  (D)  in  OVCAR,  A2780,  and  MCF-7  cells  based  on 
measurement  of  BrdUrd  uptake  and  Annexin  V  labeling  assays,  respectively. 


Immunohistochemistry  and  FISH  were  done  in  parallel  on  111 
tumor  samples  to  correlate  protein  expression  and  Notch3  DNA 
copy  number.  Notch3  immunoreactivity  was  detected  in  both 
nucleus  and  cytoplasm  of  tumor  cells  in  61  of  111  (55%) 
carcinomas  but  not  in  normal  ovarian  epithelial  cells  (Fig.  4 A). 
Notch3  immunointensity  was  scored  as  negative  (0),  negligible  (1+), 
moderate  (2+),  and  intense  (3+)  and  was  correlated  with  Notch3 
DNA  copy  number  ratio  based  on  FISH  analysis  (Fig.  4 B). 
Specifically,  the  intensity  of  Notch3  staining  positively  correlated 
with  the  Notch3  DNA  copy  ratio  (Spearman  rank-order  correlation 
coefficient  =  0.4).  Furthermore,  there  is  statistically  significant 


difference  between  tumors  with  intense  staining  intensity  (3+)  and 
those  without  (intensity  score  =  0,  1+,  and  2+;  Mann-Whitney  U 
test,  P  <  0.0001).  We  observed  that  8  of  22  carcinomas  are  with 
Notch3  overexpression  (3+)  but  without  Notch3  gene  amplification 
(gene  copy  ratio  <2).  This  finding  implies  that  in  addition  to  gene 
amplification,  mechanisms  such  as  epigenetic  activation  of  the 
Notch3  promoter  in  response  to  environmental  cues  may 
contribute  to  Notch  overexpressing  in  those  tumors.  Although  a 
positive  correlation  of  Notch3  gene  copy  ratio  and  protein 
expression  was  observed,  there  are  some  tumors  (5  of  50  tumors) 
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Figure  6.  Effects  of  Notch3  knockdown  on  cell  proliferation  and  apoptosis  in  cell 
lines.  A,  Western  blot  analysis  shows  a  significant  reduction  of  Notch3  protein  in 
Notch3  siRNA-treated  cells  compared  with  the  mock  or  control  siRNA-treated 
cells.  B,  Notch3  siRNA  significantly  reduces  the  cell  number  in  cell  lines  with 
Notch3  overexpression,  including  OVCAR3,  A2780,  and  MCF-7  compared  with 
those  without.  Treatment  with  Notch3  siRNA  decreases  DNA  synthesis  as 
measured  by  BrdUrd  uptake  (C)  and  increases  apoptosis  as  measured  by 
Annexin  V  labeling  (D)  in  OVCAR3,  A2780,  and  MCF-7  cells. 
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with  Notch3  DNA  copy  ratio  >2  but  with  only  weak  Notch3  protein 
expression  (0/1+).  This  result  suggests  that  these  carcinomas  may 
use  other  oncogene(s)  that  resides  on  the  same  chromosomal  arm 
as  the  Notch3  locus  to  promote  tumor  progression  in  ovarian 
serous  carcinomas. 

Notch  receptors  participate  in  signal  transduction  by  trans¬ 
locating  their  cytoplasmic  domain  to  the  nucleus  where  it  activates 
an  array  of  downstream  effectors  that  can  play  important  roles  in 
cell  proliferation  and  survival  (15).  The  association  of  genetic 
changes  in  NotchS  and  human  cancer  has  been  recently  established 
in  lung  carcinoma.  Translocation  of  t(15;19)  was  identified  in  non- 
small-cell  lung  cancer  cell  lines  and  the  breakpoint  has  been 
mapped  to  50  bp  upstream  of  the  Notch3  locus.  The  translocation 
of  chromosome  19p  was  found  to  correlate  with  overexpression  of 
Notch3  full-length  mRNA  (16).  Our  data  here  provide  new  evidence 
that  besides  translocation,  gene  amplification  is  another  mecha¬ 
nism  to  activate  Notch3  in  human  cancer. 

The  genetic  findings  are  supported  by  mouse  models.  For 
example,  expression  of  the  intracellular  domain  (a  constitutively 
active  form)  of  Notch3  in  mouse  thymus  induced  T-cell  leukemia/ 
lymphoma  (17).  Furthermore,  constitutive  expression  of  activated 
Notch3  in  the  central  nervous  system  initiates  the  formation  of 
brain  tumors  in  the  choroid  plexus  in  mice  (18),  suggesting  that 
deregulation  of  Notch3  plays  a  role  in  neoplastic  transformation. 

Functional  analysis  of  Notch3  expression.  To  determine  if 
Notch3  is  essential  for  cell  growth  and  survival  in  cell  lines  that 
overexpress  Notch3,  we  used  y-secretase  inhibitor  1,  which 
prevents  the  activation  of  Notch3  by  inhibiting  the  proteolysis 
and  translocation  of  Notch3  cytoplasmic  domain  to  the  nucleus. 
This  compound  has  been  shown  to  be  a  potent  and  specific 
inhibitor  of  Notch  pathway  (19,  20).  y-Secretase  inhibitor  was 
applied  to  the  culture  medium  in  nine  cell  lines,  including  three 
cancer  cell  lines  with  Notch3  overexpression  (OVCAR3,  A2780,  and 
MCF7),  an  immortalized  OSE  cell  line  (OSE  29),  and  five  cancer  cell 
lines  (SKOV3,  MPSC1,  HTB75,  TOV-G21,  and  ES-2)  without  Notch3 
overexpression  (Fig.  5 A).  We  first  determined  the  concentration  of 
y-secretase  inhibitor  to  be  used  and  found  that  the  IC50  was  lowest 
in  OVCAR3  (1  pmol/L).  Therefore,  we  treated  different  cell  lines 
with  inhibitor  at  1  pmol/L  in  culture  and  found  that  there  was  a 
substantial  reduction  in  cell  number  of  OVCAR3,  A2780,  and  MCF7 
cells  that  overexpressed  Notch3  compared  with  other  cell  lines 
that  did  not  have  Notch3  overexpression  (Fig.  SB,  P  <  0.001, 
Student’s  t  test).  To  assess  the  mechanisms  underlying  the  growth 
inhibition  by  the  y-secretase  inhibitor  in  OVCAR3,  A2780,  and 
MCF-7  cells,  we  measured  the  percentage  of  BrdUrd-labeled  cells 
for  cellular  proliferation  and  Annexin  V-labeled  cells  for  apoptosis 
(Fig.  5C  and  D).  We  found  that  y-secretase  inhibitor  significantly 
reduced  cellular  proliferation  and  induced  apoptosis  in  all  three 
cell  lines  with  Notch3  overexpression  compared  with  the  DMSO 
controls  (P  <  0.001,  Student’s  t  test).  siRNA  was  used  to  knock 
down  the  expression  of  Notch3  in  the  same  nine  cell  lines  used  for 


the  y-secretase  inhibitor  assay.  The  knockdown  effect  of  siRNA  was 
shown  by  Western  blot  (Fig.  6 A).  siRNA  treatment  significantly 
reduced  the  Notch3  protein  expression  compared  with  the  mock  or 
control  siRNA-treated  groups.  Similar  to  the  effects  of  y-secretase 
inhibitor,  Notch3  siRNA  reduced  cell  number  most  significantly  in 
OVCAR3,  A2780,  and  MCF7  cells,  which  overexpressed  Notch3 
compared  with  the  other  cell  lines  (Fig.  6 B,  P  <  0.001,  Student’s 
t  test).  The  BrdUrd-positive  cells  decreased  and  the  Annexin 
V-labeled  cells  increased  in  Notch3  siRNA-treated  cells  compared 
with  control  siRNA-treated  cells  (Fig.  6C  and  D,P  <  0.001,  Student’s 
t  test). 

Our  in  vitro  data  to  inactivate  Notch3  by  y-secretase  inhibitor 
and  siRNA  may  have  clinical  implications  for  ovarian  cancer 
patients  and  suggest  that  Notch3  can  be  a  candidate  therapeutic 
target.  y-Secretase  inhibitors  have  been  studied  in  the  past  several 
years  as  a  potential  therapeutic  intervention  in  Alzheimer’s  disease. 
Very  recently,  y-secretase  inhibitors  have  been  shown  to  inhibit  the 
epithelial  cell  proliferation  and  induce  goblet  cell  differentiation 
in  intestinal  adenomas  Ape  '  (min)  mice  (20).  Furthermore,  y- 
secretase  was  shown  to  be  able  to  inhibit  the  growth  of  Kaposi’s 
sarcoma  cells  in  mouse  tumor  model  (19).  Therefore,  with  the 
promising  effects  at  both  in  vitro  and  in  vivo  systems,  y-secretase 
inhibitors  can  be  used  as  new  target-based  therapy  for  those 
tumors  with  Notch3  activation. 

The  current  study  suggests  that  Notch3  is  a  strong  candidate 
oncogene  among  the  genes  within  the  chl9pl3.12  amplicon  in 
ovarian  carcinomas.  This  is  because  Notch3  gene  shows  a  high 
correlation  of  gene  amplification  and  overexpression  and  is 
functionally  essential  for  tumor  growth  and  survival.  Although 
the  above  represents  our  preferred  interpretation,  other  alternative 
interpretations  should  be  pointed  out.  For  example,  Notch3  may 
not  be  the  only  gene  with  high  correlation  of  DNA  copy  number 
and  gene  expression  level  after  analyzing  a  large  series  of  amplified 
and  nonamplified  tumors.  It  is  possible  that  other  coamplified 
gene(s)  within  the  Notch3  amplicon  also  plays  a  role  in  tumori- 
genesis  and  they  may  cooperate  with  Notch3  in  propelling  tumor 
progression. 

In  conclusion,  we  have  identified  Notch3  as  a  candidate 
amplified  oncogene  that  overexpressed  in  66%  of  ovarian  serous 
carcinomas.  Our  findings  suggest  that  Notdi3  amplification  may 
play  an  important  role  in  the  development  of  ovarian  carcinomas; 
moreover,  these  findings  provide  a  rationale  for  future  develop¬ 
ment  of  Notch3-based  therapy  for  ovarian  cancer. 
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Summary  Rsf-1  protein  is  a  member  of  a  chromatin-remodeling  complex  that  plays  an  important 
role  in  regulating  gene  expression  and  cell  proliferation.  Our  previous  study  showed  that  Rsf-1  was 
an  amplified  gene  that  participated  in  the  development  of  ovarian  serous  carcinoma.  To  further 
elucidate  the  role  of  Rsf-1  in  ovarian  cancer,  we  studied  Rsf-1  immunoreactivity  in  294  ovarian 
tumors  of  various  histologic  types.  Because  the  Rsf-1  amplicon  overlaps  an  amplified  region  reported 
in  breast  cancer,  we  included  782  neoplastic  and  normal  breast  tissues  for  comparison. 
Immunohistochemistry  was  performed  on  tissue  microarrays  using  a  4-tiered  scoring  system. 
Overexpression  of  Rsf-1  was  defined  as  a  nuclear  immunointensity  of  3+  to  4+  because  of  a  strong 
correlation  between  3+  and  4+  immunointensity  and  Rsf-1  gene  amplification,  based  on  our  previous 
fluorescence  in  situ  hybridization  analysis.  Rsf-1  overexpression  was  observed  in  25%  of  high-grade 
ovarian  serous  carcinomas  and  in  only  rare  cases  (<7%)  of  low-grade  ovarian  serous,  ovarian 
endometrioid,  and  invasive  breast  carcinomas  but  not  in  any  ovarian  serous  borderline  tumors, 
ovarian  clear  cell  carcinomas,  ovarian  mucinous  carcinomas,  intraductal  carcinomas  of  the  breast, 
and  normal  ovaries  and  breast  tissues.  Thus,  overexpression  of  Rsf-1  was  significantly  associated 
with  high-grade  ovarian  serous  carcinoma  (P  <  .05),  as  compared  with  other  types  of  ovarian  tumors 
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and  breast  carcinomas.  Our  results  provide  evidence  that  Rsf-1  expression  is  primarily  confined  to 
high-grade  serous  carcinoma,  the  most  aggressive  ovarian  cancer.  Because  Rsf-1  overexpression 
occurs  in  only  a  small  number  of  breast  carcinomas,  it  is  unlikely  that  Rsf-1  is  a  critical  gene  in  the 
development  of  breast  carcinoma. 

©  2006  Elsevier  Inc.  All  rights  reserved. 


1.  Introduction 

Identification  of  new  cancer-associated  genes  not  only 
plays  an  important  role  in  elucidating  the  molecular  etiology 
of  neoplastic  diseases  but  also  has  a  significant  impact  in  the 
future  development  of  new  diagnostic  markers  and  thera¬ 
peutic  targets.  In  an  effort  to  search  for  new  amplified 
tumor-associated  genes,  we  have  previously  applied  a 
genome-wide  technology,  digital  karyotyping  [1,2],  to 
identify  novel  amplicons  that  may  harbor  potential  onco¬ 
genes  in  ovarian  cancer.  Using  this  methodology,  we 
identified  the  Rsf-1  gene  as  a  candidate  amplified  oncogene 
in  ovarian  serous  carcinoma,  a  common  and  aggressive  type 
of  ovarian  cancer  [3]. 

Rsf-1  encodes  a  nuclear  protein  and  functions  as  a  histone 
chaperone  that  binds  to  its  partner,  hSNF2H,  which 
possesses  nucleosome-dependent  adenosine  triphosphatase 
activity  [4],  The  Rsf-1 /hSNF2H  complex  (or  remodeling  and 
spacing  factor  [RSF]  complex)  mediates  nucleosome  depo¬ 
sition  and  generates  regularly  spaced  nucleosome  arrays.  At 
the  cellular  level,  RSF  participates  in  chromatin  remodeling 
by  mobilizing  nucleosomes  in  response  to  a  variety  of 
growth-modifying  signals  and  environmental  cues.  Such 
nucleosome  remodeling  is  essential  for  transcriptional 
regulation  [5],  DNA  replication  [6],  and  cell  cycle  progres¬ 
sion  [7].  A  growing  body  of  evidence  has  highlighted  the 
role  of  chromatin  remodeling  in  cancer  [8,9],  and  the 
findings  from  our  previous  study  support  this  view  [3].  We 
demonstrated  that  Rsf-1  was  located  on  chromosome 
1 1  ql 3.5  and  that  this  chromosomal  region  was  amplified 
in  13.2%  of  high-grade  ovarian  serous  carcinomas.  Patients 
with  Rsf-1  amplification  or  overexpression  have  a  signifi¬ 
cantly  shorter  survival  than  those  without.  Rsf-1  gene 
knockdown  inhibited  cell  growth  in  OVCAR3  cells,  which 
exhibit  Rsf-1  amplification.  It  is  of  interest  to  note  that  the 
1 1  q  1 3 .5  amplicon  that  harbors  Rsf-1  gene  is  also  reported  in 
breast  carcinomas  [10], 

Given  the  potential  role  of  Rsf-1  in  the  development  of 
ovarian  cancer,  we  extended  our  studies  by  performing  a 
comprehensive  immunohistochemical  analysis  of  Rsf-1 
expression  in  different  histologic  types  and  grades  of 
ovarian  carcinoma.  Furthermore,  to  clarify  the  role  of  Rsf-1 
in  breast  tumors,  we  examined  the  expression  of  Rsf-1  in  a 
large  number  of  breast  carcinomas  and  compared  the 
frequency  of  Rsf-1  overexpression  between  ovarian  and 
breast  carcinomas. 


2.  Materials  and  methods 

2.1.  Tissue  samples 

All  the  ovarian  tissue  samples  were  obtained  from  the 
Department  of  Pathology  at  the  Johns  Hopkins  Hospital, 
except  clear  cell  and  endometrioid  carcinomas,  which  were 
obtained  from  the  Department  of  Pathology  at  National 
Taiwan  University  Hospital  (Taipei,  Taiwan),  and  mucinous 
tumors  from  Vancouver  General  Hospital  (Vancouver, 
Canada).  Ovarian  tissues  included  normal  ovary  (n  =  19), 
serous  cystadenomas  (n  =  23),  serous  borderline  tumors 
(n  =  13),  low-grade  serous  carcinomas  (n  =  31),  high-grade 
serous  carcinomas  (n  =  100),  endometrioid  carcinomas 
(n  =  45),  mucinous  carcinomas  (n  =  29),  and  clear  cell 
carcinomas  (n  =  64).  Breast  tissue  samples  were  obtained 
from  the  Johns  Hopkins  tissue  microarray  core  facility  and 
Taipei  Veterans  General  Hospital  and  included  invasive 
carcinomas  (n  =  689),  in  situ  carcinomas  (n  =  42),  and 
normal  breast  tissue  (n  =  51).  Most  breast  carcinomas 
were  of  ductal  type.  All  the  tissues  from  the  4  hospitals 
were  fixed  in  10%  neutral  formalin  and  processed  according 
to  standardized  procedures.  The  acquisition  of  archival 
anonymous  tissues  was  approved  by  the  local  institutional 
research  boards. 

2.2.  Immunohistochemistry 

Tissue  microarrays  (TMAs)  were  used  to  facilitate 
immunohistochemistry  for  all  specimens.  Formalin-fixed, 
paraffin-embedded  tissues  were  arranged  onto  TMAs.  Three 
representative  cores  (1.5-mm  diameter)  from  each  tumor  were 
placed  on  the  TMAs  at  the  Johns  Hopkins  Tissue  Microarray 
Center.  Antigen  retrieval  was  performed  on  deparaffmized 
sections  by  boiling  them  in  citrate  buffer  (pH  6.0)  using  a 
microwave  oven  for  10  minutes.  A  commercially  available 
monoclonal  anti-Rsf-1  antibody,  clone  5H2/E4  (Upstate, 
Lake  Placid,  NY),  was  used  at  an  optimal  dilution  that  was 
previously  determined  (1:2000)  for  2  hours  at  room  temper¬ 
ature,  followed  by  the  EnVision+  System  (DAKO,  Carpin- 
teria,  Calif)  using  the  peroxidase  method.  An  isotype-matched 
control  antibody  (MN-4)  was  used  as  a  control.  Our  previous 
studies  [3]  had  shown  that  the  distribution  of  Rsf-1 
immunoreactivity  was  always  homogenous  in  tumor  cells 
for  almost  all  the  tumors.  Therefore,  we  applied  intensity  score 
ranging  from  0  to  4+  to  evaluate  Rsf-1  immunoreactivity 
in  tumors  (Fig.  1)  [3],  A  positive  reaction  was  defined 
as  discrete  localization  of  the  chromagen  in  the  nuclei. 
Scoring  was  performed  independently  by  2  investigators  after 
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Fig.  1  Immunoreactivity  scores  for  Rsf-1  expression.  Examples  of  ovarian  carcinomas  are  shown  to  indicate  the  immunointensity  scores  of 
1+  (A),  2+  (B),  3+  (C),  and  4+  (D). 


randomly  counting  approximately  500  tumor  cells  from 
3  different  high-power  fields  (x40)  within  1  specimen.  For 
the  discordant  cases,  a  third  pathologist  participated,  and 
the  final  score  was  an  average  of  the  2  scores  that  were  the 
closest.  All  specimens  were  anonymized,  and  the  investigators 
who  perform  the  scoring  were  blinded  to  the  diagnosis  of 
the  specimens. 

2.3.  Western  blot  analysis 

To  confirm  the  specificity  of  the  anti-Rsf-1  antibody 
(5H2/E4)  in  the  immunohistochemical  analysis,  we  per¬ 
formed  Western  blotting  on  OVCAR3  cells,  which  are 
known  to  amplify  and  overexpress  Rsf-1;  on  HEK293  cells 
that  have  a  low  level  of  Rsf-1  expression;  and  on  HEK.293 
cells  stably  transfected  with  an  Rsf- 1-expressing  vector.  An 
equal  number  of  cells  (5  x  105  cells)  were  lysed  in  a  sodium 
dodecyl  sulfate-containing  buffer,  and  cellular  proteins 
were  separated  by  sodium  dodecyl  sulfate-polyacrylamide 
gel  electrophoresis.  The  Western  blot  analysis  on  Rsf-1 
protein  has  been  described  in  a  previous  report  [3], 

2.4.  Statistical  methods 

Overexpression  was  defined  as  3+  and  4+  nuclear 
immunoreactivity.  The  frequency  of  Rsf-1  overexpression 
in  tumors  was  assessed  by  the  percentage  of  3+  and  4+  cases 
among  the  group  of  tumors.  The  95%  confidence  intervals 
(CIs)  were  determined.  The  difference  in  immunointensity 
between  different  groups  of  tumors  was  calculated  by  Fisher 
exact  test.  The  survival  analysis  was  calculated  by  the 


Kaplan-Meier  survival  curve.  A  P  value  (2-tailed)  less  than 
.05  was  considered  statistically  significant. 

3.  Results 

To  evaluate  Rsf-1  expression  in  tissue  sections,  we  first 
confirmed  the  specificity  of  the  anti-Rsf-1  antibody  (5H2/ 
E4)  by  Western  blot  analysis.  The  antibody  recognized  a 
single  protein  band  at  a  molecular  mass  of  approximately 
215  kd  that  corresponded  to  Rsf-1  protein  in  OVCAR3  cells 
and  in  HEK293  cells  that  were  transfected  with  an  Rsf- 
1 -expressing  vector.  In  contrast,  the  parental  HEK293  cells 
did  not  show  detectable  Rsf-1  expression  under  the  same 
experimental  conditions  (Fig.  2A).  Intense  immunoreactivity 
(3+  to  4+)  is  frequently  associated  with  a  high-fold  gain  in 
DNA  copy  number,  as  demonstrated  by  fluorescence  in  situ 
hybridization  [3].  Accordingly,  in  this  study,  we  stratified 
cases  into  2  groups:  those  with  a  low  level  of  expression  (0  to 
2+  staining)  and  those  with  a  high  level  of  expression  (3+  to 
4+  staining).  The  staining  results  for  all  cases  are  shown  in 
Table  1 .  Ovarian  surface  epithelium  from  normal  ovaries  was 
negative  or  showed  weak  Rsf- 1  expression  (7  cases,  negative; 
11  cases,  1+;  and  1  case,  2+).  A  similar  pattern  of  Rsf-1 
expression  was  observed  in  serous  cystadenoma  (10  cases, 
negative;  9  cases,  1+;  and  4  cases,  2+).  Most  serous  border¬ 
line  tumors  and  low-grade  serous  carcinoma  showed  1+  to 
2+  immunoreactivity  (12/13  cases  and  25/33  cases,  respec¬ 
tively),  whereas  only  a  small  number  were  negative.  A 
high  level  of  Rsf-1  expression  (3+  and  4+)  was  seen 
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Fig.  2  Expression  of  Rsf-1  in  ovarian  tissues  and  tumors.  A,  Western  blot  analysis  shows  the  specificity  of  the  anti-Rsf-1  antibody 
(5H2/E4).  The  antibody  recognizes  a  single  protein  band  at  the  molecular  weight  of  approximately  215  kd  (arrow)  that  corresponded  to  Rsf-1 
protein  in  OVCAR3  cells  and  in  HEK293  cells  that  were  transfected  with  an  Rsf-1  (HEK293-Rsf-l)-expressing  vector.  In  contrast,  the 
parental  HEK293  cells  show  very  weak  or  undetectable  Rsf-1  expression.  B,  Immunohistochemistry  of  the  Rsf-1  antibody  on  representative 
ovarian  tissue  and  tumors.  Intense  immunoreactivity  (3+)  is  detected  in  a  high-grade  serous  carcinoma  but  is  only  weakly  expressed  (1+  to 
2+)  in  normal  ovarian  surface  epithelium,  an  ovarian  surface  inclusion  cyst,  and  a  low-grade  serous  carcinoma. 


predominantly  in  high-grade  serous  carcinomas  (25/100 
cases)  and  only  rarely  in  low-grade  serous  (1/33  cases)  and 
endometrioid  carcinomas  (3/45  cases)  but  not  in  other  types 
of  ovarian  tumors  (Table  1).  Of  3  endometrioid  carcinomas 
showing  3+  immunoreactivity,  1  was  low-grade,  and  the 


other  2  were  high-grade  endometrioid  carcinomas.  Fisher 
exact  test  showed  that  the  frequency  of  Rsf-1  overexpressed 
tumors  (3+  and  4+)  was  significantly  higher  in  high-grade 
serous  carcinomas,  as  compared  with  other  types  of  ovarian 
tumors  and  normal  ovaries  (P  <  .05).  An  example  of  3+ 


Table  1  Expression  of  Rsf-1  in  ovarian  and  breast  tissue 

Histologic  type 

Total  cases 

Immunoreactivity  for  Rsf-1 

p* 

0 

1+ 

2+ 

3+ 

4+ 

Ovarian  tissue 

294 

Serous  carcinoma,  HG 

100 

5 

(5)a 

15 

(15) 

55 

(55) 

2 

(20) 

5 

(5) 

Serous  carcinoma,  LG 

31 

5 

(16) 

11 

(35) 

14 

(45) 

1 

(3) 

0 

.004 

Serous  borderline  tumor 

13 

1 

(8) 

9 

(69) 

3 

(23) 

0 

0 

.03 

Serous  cystadenoma 

23 

10 

(43) 

9 

(39) 

4 

(17) 

0 

0 

.029 

Normal  ovary 

19 

7 

(37) 

11 

(58) 

1 

(5) 

0 

0 

.007 

Endometrioid  carcinoma 

45 

23 

(51) 

9 

(20) 

10 

(22) 

3 

(7) 

0 

.006 

Clear  cell  carcinoma 

34 

6 

(18) 

13 

(38) 

15 

(44) 

0 

0 

<.001 

Mucinous  carcinoma 

29 

15 

(52) 

10 

(34) 

4 

(14) 

0 

0 

<001 

Breast  tissue 

782 

Invasive  carcinoma 

689 

92 

(13) 

306 

(44) 

255 

(37) 

32 

(5) 

4 

(0.006) 

<0001 

In  situ  carcinoma 

42 

6 

(14) 

25 

(60) 

11 

(26) 

0 

0 

Normal  breast 

51 

20 

(39) 

30 

(59) 

1 

(2) 

0 

0 

Abbreviations:  HG,  high  grade;  LG,  low  grade. 

a  Figures  in  parenthesis  represent  percentage  given  of  cases. 

*  P  value  generated  by  comparing  the  overexpressed  cases  (3+  and  4+)  between  ovarian  high-grade 

serous 

carcinoma 

and  other  groups. 
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to  4+  Rsf-1  immunoreactivity  is  shown  in  Fig.  2B.  Although 
both  high-grade  and  low-grade  serous  carcinomas  are 
thought  to  be  different  types  of  ovarian  cancer  because  they 
have  distinct  molecular  and  clinicopathologic  features  and 
are  rarely  present  in  the  same  tumor  [11],  there  was  a  tumor  in 
this  series  demonstrating  a  morphological  continuum  of  low- 
grade  and  high-grade  carcinoma  in  the  same  tumor.  As 
shown  in  Fig.  3,  Rsf-1  immunoreactivity  was  confined  to 
the  high-grade  carcinoma  cells  but  not  in  the  adjacent 
low-grade  counterpart  in  this  tumor,  a  finding  further 
supporting  that  Rsf-1  expression  is  associated  with  high- 
grade  serous  carcinomas. 

Normal  lobular  and  ductal  breast  epithelium  was 
negative  or  showed  a  low  level  of  Rsf-1  expression  (20 
cases,  negative;  30  cases,  1+;  and  1  case,  2+).  A  similar 
immunoreactivity  pattern  was  found  in  ovarian  surface 
epithelium.  In  situ  carcinoma  was  negative  or  exhibited  a 


low  level  of  Rsf-1  expression,  with  more  cases  showing  2+ 
immunoreactivity  (6  cases,  negative;  25  cases,  1+;  and  11 
cases,  2+).  This  expression  profile  was  similar  to  that  of 
ovarian  serous  borderline  tumors.  Only  a  small  number  of 
invasive  breast  carcinomas  (36/689  cases)  exhibited  a  high 
level  (3+  and  4+)  of  Rsf-1  expression  (Fig.  4),  whereas  most 
cases  demonstrated  a  low  level  (0  to  2+)  of  Rsf-1 
expression.  The  frequency  of  Rsf-1  overexpressed  cases  in 
invasive  breast  carcinoma  (5%;  95%  Cl,  3.4%-6.6%)  was 
significantly  less  than  that  in  high-grade  ovarian  serous 
carcinomas  (25%;  95%  CI,17%-33%)  ( P  <  .0001).  There 
was  no  significant  correlation  ( P  >  .05)  of  Rsf-1  expression 
with  clinical  stage,  tumor  grade,  or  histologic  type  in  breast 
carcinomas.  Rsf-1  immunointensity  scores  did  not  correlate 
with  overall  survival  in  breast  and  high-grade  ovarian  serous 
carcinomas  by  applying  different  score  cutoffs  ( P  >  .05  by 
Kaplan-Meier  curves  and  the  log-rank  test). 
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Fig.  3  Rsf-1  immunoreactivity  in  a  serous  carcinoma  with  both  low-  and  high-grade  features.  A,  A  hematoxylin  and  eosin-stained  section 
shows  a  morphological  continuum  of  low-  (L)  and  high-grade  (H)  serous  carcinomas.  The  low-grade  carcinoma  exhibits  a  papillary 
architecture,  whereas  the  high-grade  carcinoma  demonstrates  a  solid  growth  pattern.  B,  Rsf-1  immunoreactivity  is  present  in  the  nuclei  of 
high-grade  carcinoma  but  not  in  low-grade  carcinoma.  C,  A  high-power  view  of  the  high-grade  area  showing  intense  Rsf-1  nuclear  staining 
in  almost  all  the  tumor  cells.  D,  A  high-power  view  of  the  low-grade  area  demonstrating  weak  Rsf-1  immunoreactivity  in  tumor  cells. 
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Fig.  4  Expression  of  Rsf-1  in  nonnal  breast  tissue  and  carcinomas.  A,  Normal  breast  tissue  with  weak  (1+)  Rsf-1  immunostaining  in  ductal 
and  lobular  epithelium.  B,  Dutal  carcinoma  in  situ  showing  a  low  level  (2+)  of  Rsf-1  immunointensity.  C,  Invasive  ductal  carcinoma  with  a 
low  level  (2+)  of  expression.  D,  A  rare  invasive  carcinoma  with  a  high  level  (4+)  of  Rsf-1  expression. 


4.  Discussion 

Chromosomal  region  1  lql3  is  one  of  the  most  frequently 
amplified  regions  in  human  tumors,  including  carcinomas 
arising  from  ovary,  breast,  lung,  liver,  esophagus,  head,  and 
neck.  Several  genes  have  been  implicated  as  candidate 
amplified  oncogenes  in  this  chromosomal  region,  including 
Rsf-1  [3],  EMSY  [10],  PAK1  [12],  TAOS1  [13],  Rad9  [14], 
CCND1,  FGF3,  and  FGF4  [15],  Our  previous  study  that 
focused  on  high-grade  ovarian  serous  carcinomas  identified 
Rsf-1  as  the  gene  showing  the  best  correlation  between 
gene  and  transcript  copy  numbers  among  all  the  genes 
within  the  minimal  1 1  ql 3 .5  amplicon  [3].  In  the  current 
study,  evaluating  a  variety  of  ovarian  tumors,  we  provide 
new  evidence  that  Rsf- 1  overexpression  is  confined  to  high- 
grade  ovarian  serous  carcinoma.  Because  the  llql3.5 
amplicon  has  also  been  reported  in  breast  cancer,  we  analyzed 
Rsf- 1  expression  in  a  large  series  of  breast  carcinomas  to 
determine  if  Rsf-1  is  also  frequently  overexpressed  in  breast 
carcinomas.  We  found  that,  as  compared  with  high-grade 
ovarian  serous  carcinomas,  overexpression  of  Rsf-1  is  rare  in 


breast  carcinomas,  indicating  that  other  gene(s)  within  the 
1 1  ql  3.5  amplicon  may  be  important  for  the  progression  of 
breast  carcinoma. 

The  finding  that  immunoreactivity  of  Rsf-1  is  mostly 
negative  or  weak  in  ovarian  endometrioid,  clear  cell, 
mucinous,  and  low-grade  serous  carcinomas  suggests  that 
Rsf-1  may  not  be  involved  in  the  pathogenesis  of  these  types 
of  ovarian  carcinomas.  This  finding  is  consistent  with  a 
proposed  model  of  ovarian  tumorigenesis  that  we  have 
previously  proposed  [11].  In  that  model,  there  are  2  main 
pathways  of  carcinogenesis,  and  tumors  developing  along 
these  pathways  have  been  designated  as  type  I  and  type  II. 
Type  1  tumors  include  low-grade  serous,  endometrioid,  clear 
cell,  and  mucinous  carcinomas.  Those  tumors  share  a 
common  pattern  in  tumor  progression  as  they  develop  in  a 
stepwise  fashion  from  well-recognized  precursors,  namely, 
“borderline”  tumors,  which,  in  turn,  develop  from  cystade- 
nomas/adenofibromas  [16,17].  The  benign  tumors  appear  to 
develop  from  the  surface  epithelium  or  inclusion  cysts  in  the 
case  of  serous  and  mucinous  tumors  and  from  endometriosis 
or  endometriomas  in  the  case  of  endometrioid  and  clear  cell 
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tumors.  Type  I  tumors  are  slow-growing,  as  evidenced  by  the 
observation  that  they  are  large  and  often  confined  to  the 
ovary  at  diagnosis.  In  contrast,  type  II  tumors  are  high-grade 
and  usually  have  spread  beyond  the  ovaries  at  presentation. 
Type  II  carcinomas  include  what  are  currently  classified  as 
high-grade  serous  carcinoma  (“moderately”  and  “poorly” 
differentiated),  malignant  mixed  mesodermal  tumors  (carci¬ 
nosarcomas),  and  undifferentiated  carcinoma.  Type  II 
carcinomas  evolve  rapidly,  disseminate  early  in  their  course, 
and  are  highly  aggressive.  Both  type  I  and  type  II  carcinomas 
are  characterized  by  distinctive  molecular  genetic  changes. 
In  type  I  tumors,  low-grade  serous  carcinomas  contain 
frequent  activating  mutations  in  KRAS  and  BRAF,  endome¬ 
trioid  carcinomas  harbor  mutations  in  PTEN  and  /i-catenin, 
and  clear  cell  carcinomas  show  microsatellite  instability  and 
KRAS  mutations  [11].  These  genetic  changes  are  rarely 
found  in  type  II  carcinomas,  which  are  characterized  by 
frequent  p53  mutations  [18]  and  a  high  level  of  chromosomal 
instability  [16].  Thus,  Rsf-1  overexpression  in  type  II 
carcinomas  but  not  in  type  I  carcinomas  provides  further 
support  that  both  types  of  ovarian  carcinomas  develop  along 
distinct  molecular  pathways.  The  lack  of  correlation  of  Rsf-1 
immunointensity  and  overall  survival  in  high-grade  serous 
carcinomas  contrasts  with  the  previous  finding  demonstrat¬ 
ing  that  Rsf-1  gene  amplification  correlated  with  a  shorter 
survival  [3].  This  discrepancy  can  be  explained  by  the 
insufficient  number  of  high-grade  serous  carcinomas  with 
scores  of  3  and  above  for  survival  curve  analysis  in  this 
study.  Alternatively,  it  is  likely  that  counting  Rsf-1  gene  copy 
number  by  fluorescence  in  situ  hybridization  is  superior  to 
Rsf-1  immunoreactivity  in  predicting  survival  in  patients 
with  advanced-stage,  high-grade  serous  carcinomas. 

In  this  report,  we  also  studied  Rsf-1  expression  in  breast 
carcinomas  because  the  1  lql3.5  amplicon  has  been  reported 
in  breast  carcinomas  [10].  Because  Rsf-1  overexpression  in 
breast  carcinomas  is  relatively  uncommon  (5%),  it  is  not 
likely  that  the  Rsf- 1  gene  is  important  in  the  development  of 
breast  carcinoma.  Thus,  although  both  ovarian  high-grade 
serous  carcinoma  and  breast  carcinoma  harbor  amplicons  at 
a  similar  chromosomal  region,  that  is,  llql3.5,  different 
core  amplicons  and  amplified  genes  within  llql3.5  may  be 
operative  for  tumor  progression  in  these  2  tumors.  For 
example,  the  EMSY  gene,  which  has  been  suggested  as  a 
potential  oncogene  within  the  1 1  ql 3.5  region,  may  be  more 
important  in  the  development  of  breast  cancer  [10]  than  in 
ovarian  high-grade  serous  carcinomas  [3].  The  findings 
reported  in  this  study  have  important  implications  in 
studying  the  roles  of  Rsf-1  and  EMSY  genes  in  the 
development  of  different  types  of  cancer. 

In  conclusion,  we  have  shown  that  among  different  types 
of  ovarian  carcinomas,  Rsf-1  gene  is  most  frequently  up- 
regulated  in  high-grade  serous  carcinomas.  This  finding 
further  supports  the  view  that  Rsf-1  gene  expression  is 
related  to  the  aggressive  type  of  ovarian  cancer.  Because 


Rsf-1  up-regulation  occurs  uncommonly  in  breast  carcino¬ 
ma,  it  is  not  likely  that  the  Rsf-1  gene  is  as  important  in 

driving  tumor  progression  in  breast  cancer  as  it  is  in  ovarian 
high-grade  serous  carcinoma. 
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Abstract  DNA  copy  number  alterations,  including  entire  chromosomal  changes  and  small  interstitial  DNA  amplifica¬ 

tions  and  deletions,  characterize  the  development  of  cancer.  These  changes  usually  affect  the  expression  of  target 
genes  and  subsequently  the  function  of  the  target  proteins.  Since  the  completion  of  the  human  genome  project, 
the  capacity  to  comprehensively  analyze  the  human  cancer  genome  has  expanded  significantly.  Techniques  such 
as  digital  karyotyping  have  been  developed  to  allow  for  the  detection  of  DNA  copy  number  alterations  in  cancer 
at  the  whole-genome  scale.  When  compared  with  conventional  methods  such  as  spectral  karyotyping,  represen¬ 
tational  difference  analysis,  comparative  genomic  hybridization  (CGH),  or  the  more  recent  array  CGH;  digital 
karyotyping  provides  an  evaluation  of  copy  number  of  genetic  material  at  higher  resolution.  Digital  karyotyping 
has  therefore  promised  to  enhance  our  understanding  of  the  cancer  genome.  This  article  provides  an  overview  of 
digital  karyotyping  including  the  principle  of  the  technology  and  its  applications  in  identifying  potential 
oncogenes  and  tumor  suppressor  genes. 


1.  The  Principle  of  Digital  Karyotyping 

Digital  karyotyping,  which  was  first  developed  in  2002,  allows 
for  the  quantitative  analysis  of  DNA  copy  number  at  high  resolu¬ 
tion.  This  technique  provides  a  comprehensive  examination  of 
gene  dosage  of  the  entire  genome  by  DNA  sequencing  of  represen¬ 
tative  fragments  (known  as  tags)  contained  within  the  whole 
genome,  and  enumerating  the  relative  numbers  of  these  tags.111  The 


tags,  which  are  extracted  from  the  genomic  DNA  of  each  sample, 
are  21  base  pair  (bp)  in  length.  They  contain  sufficient  information 
to  uniquely  identify  the  genomic  loci  of  derivation.  Digital  kary¬ 
otyping  is  closely  related  to  serial  analysis  of  gene  expression 
(SAGE).121  However,  unlike  SAGE,  which  measures  frequencies 
of  the  poly-A-tagged  RNAs,  digital  karyotyping  measures  tag 
densities  throughout  the  whole  genome. 
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Compared  with  microarray  analysis,  the  unique  features  of 
digital  karyotyping  are  (i)  its  information  is  independent  of  ex¬ 
isting  databases,  so  it  has  the  capability  of  identifying  chromosom¬ 
al  regions  of  amplifications  and  deletions  at  previously  unreported 
human  genome  loci,  as  well  as  DNA  sequences  foreign  to  the 
human  genome,  such  as  viral  sequences;111  and  (ii)  the  signal  is 
based  on  digital  tag  count  obtained  from  genome  sequencing, 
which  is  different  from  the  analog  signal  intensity  from  hybridiza¬ 
tion  for  microarrays. 

In  practice,  digital  kaiyotyping  requires  detailed  steps  in  order 
to  isolate  representative  sequence  tags.  Briefly,  the  genomic  DNA 
is  fragmented  into  ~4000bp  fragments  by  a  mapping  endonuclease 
enzyme,  usually  a  6bp-cutter  such  as  a  Sad  (figure  1).  The  DNA 
fragments  are  then  ligated  to  biotinylated  linkers  and  digested  with 
the  fragmenting  enzyme  that  recognizes  even  more  frequent  se¬ 
quences,  such  as  the  4bp-cutter  Main.  The  biotinylated  and  Main 
cut  DNA  fragments  are  isolated  by  binding  the  fragments  to 
streptavidin-coated  magnetic  beads.  Linkers  containing  a  6bp  site 
recognized  by  Mmel  (a  type  IIS  restriction  endonuclease)  are 
ligated  to  the  captured  DNA  fragments.  The  fragments  are  then 
digested  by  Mmel  and  21bp  tags  are  released.  The  21bp  tags  are 
then  ligated  to  each  other  to  form  ditags,  which  are  isolated  to  form 
concatemers.  Similar  to  SAGE,  the  concatemers  are  then  cloned 
into  plasmid  vectors  and  sequenced.121  These  tags  are  computation¬ 
ally  extracted  from  the  sequence  data  and  matched  to  the  corre¬ 
sponding  chromosomal  locations.121  In  addition,  digital  enumera¬ 
tion  of  tag  observations  along  each  chromosome  can  be  used  to 
provide  a  quantitative  evaluation  of  the  DNA  content.  As  tag 
counts  are  directly  proportional  to  the  amount  of  genetic  material 
present  in  a  given  sample,  digital  kaiyotyping  acts  as  a  reliable  tool 
for  analysis  of  genetic  dosage. 

2.  Resolution  of  Digital  Karyotyping:  Comparison 
with  Other  Genome-Wide  Technologies 

The  size  of  alterations  that  can  be  identified  by  digital  kary¬ 
otyping  is  dependent  on  the  combination  of  the  mapping  and 
fragmenting  enzymes,  and  the  number  of  tags  that  are  obtained 
through  sequencing.  The  ability  to  modify  the  mapping  and  frag¬ 
menting  enzymes  can  change  the  sensitivity  of  this  technique.  In 
addition,  it  can  overcome  the  potential  caveat  of  incompletely 
analyzing  the  genome  due  to  lower  density  mapping/fragmenting 
enzyme  restriction  sites  at  certain  genome  loci.  The  resolution  can 
also  be  effectively  improved  by  increasing  the  number  of  tags 
sampled  by  sequencing.  Table  I  summarizes  the  sensitivity  of 
digital  karyotyping  deduced  by  parametric  power  calculation 
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Fig.  1.  The  process  of  digital  karyotyping.  Digital  karyotyping  is  based  on 
the  extraction  of  the  21  bp  sequence  tags  that  represent  unique  locations  in 
the  genome.  Intact  genomic  DNA  is  fragmented  by  Sacl,  (‘mapping’  en¬ 
zyme),  to  create  small  DNA  pieces  (a).  The  Sacl  sites  are  linked  to  linkers 
that  can  be  immobilized  to  beads.  DNA  fragments  bound  to  the  beads  are 
digested  with  a  frequently  cutting  enzyme,  Malll  (lagging’  enzyme),  leav¬ 
ing  the  3'GTAC  overhang  (b).  The  new  Malll  sites  are  linked  to  adaptors 
with  Mme\  enzyme  binding  sites.  Mme I  binds  to  the  adaptors  and  cuts 
21  bp  from  the  adaptor  (c).  DNA  fragments  including  the  Mme  I  adaptor  and 
21  bp  unique  tags  are  released  (d).  These  are  ligated  to  form  ditags  (e), 
then  amplified  by  PCR  and  released  by  Malll  digestion  (f).  Ditags  are 
concatenated  (g),  cloned  and  sequenced  (h).  Finally,  tags  are  computa¬ 
tionally  extracted  from  sequence  data  and  matched  to  precise  chromosom¬ 
al  locations  and  tag  densities  are  evaluated  to  determine  abnormalities  in 
DNA  copy  number  (i). 
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Table  I.  Theoretical  resolutions  of  digital  karyotyping  determined  by  Poisson  test 


Size  of  alteration 

The  probability  that  a  detected  mutation  represents  a  real  mutation  (%) 

No.  of  base  pairs 

No.  of  virtual  tags 

amplification  (copy  number  =  10) 

subchromosomal  gain  (copy  number  =  3) 

100  000  tags 

1  000  000  tags 

100  000  tags 

1  000  000  tags 

100  000 

30 

>95 

>95 

0.09 

25 

200  000 

50 

95 

95 

0.30 

66 

600  000 

150 

95 

95 

10.88 

>95 

2  000  000 

500 

95 

95 

80.99 

95 

4  000  000 

1000 

95 

95 

93.84 

95 

6  000  000 

1500 

95 

95 

>95.00 

95 

based  on  an  assumption  that  tag  counts  follow  a  Poisson  distribu¬ 
tion.  Tire  data  derived  from  power  calculation  are  similar  to  those 
obtained  by  Monte  Carlo  simulation  published  previously  by  our 
research  group.111  Both  methods  demonstrate  that  increasing  the 
number  of  tags,  for  example  a  10-fold  increase  of  tag  counts,  will 
significantly  enhance  the  resolution  and  positive  predictive  values. 

In  addition  to  digital  karyotyping,  several  high-resolution  gen¬ 
ome-wide  technologies  are  currently  available  to  detect  DNA  copy 
number  alterations,  including  array  comparative  genomic  hybridi¬ 
zation  (CGH),  representational  oligonucleotide  microarray  analy¬ 
sis  (ROMA)  and  single  nucleotide  polymorphism  (SNP)  arrays.  In 
contrast  to  digital  karyotyping,  which  uses  representative  sequenc¬ 
ing  of  the  genome,  the  above  technologies  use  hybridization 
strategies  on  array  formats.  The  detailed  description  of  these 
technologies  can  be  found  in  several  reviews.1141  Two  of  the  major 
factors  concerning  the  resolution  of  array-based  technologies  are 
the  density  of  the  spotted  probes  (the  coverage)  and  the  nature 
(sequence)  of  the  selected  probe.  The  current  genome  coverage  of 
each  array-based  technology  is  44  000  probes  for  array  CGH 
(available  from  Agilent  Technologies  [Palo  Alto,  CA,  USA"]), 
100  000  probes  for  ROMA  and  500  000  probes  for  SNP  array 
(available  from  Asymetrix  [Santa  Clara,  CA,  USA]).  Oligonucle¬ 
otide  array  platform  is  currently  the  leader  in  the  hybridization 
array  market  because  oligonucleotide  array  gives  a  better  signal- 
to-noise  ratio  than  cDNA  or  bacterial  artificial  chromosomes 
(BACs)  as  probes.  The  theoretical  limit  of  resolution  for  each 
technique  is  calculated  by  simply  dividing  the  whole  human 
genome  size  (3  x  109bp)  by  the  number  of  spotted  oligonucleotide 
probes  (0.068Mb  for  array  CGH,  0.03Mb  for  ROMA,  and 
0.006Mb  for  SNP  arrays).  Compared  with  these  hybridization- 
based  technologies,  digital  karyotyping  has  the  highest  genome 
coverage.  This  is  because  the  current  platform  mapping  enzyme 
(Sad)  and  fragmenting  enzyme  (Main)  produce  842  202  virtual 
tags  and  thus  the  theoretical  limit  of  resolution  is  0.004Mb. 


It  should  be  emphasized  that  probe  coverage  does  not  represent 
the  actual  resolution  for  the  above  mentioned  technologies.  For 
hybridization-based  assays,  the  actual  resolution  will  potentially 
be  hampered  by  factors  including  the  non-specific  hybridization 
signal,  non-linear  relationships  between  hybridization  and  gene 
dosage,  and  the  unpredictable  reproducibility  across  different  ar¬ 
ray  platforms.  The  actual  resolution  limit  of  each  method  will  be 
determined  by  the  systemic  experimental  implementations  to  test 
its  limitation  in  detecting  genetic  alterations  with  various  sizes  and 
magnitudes.  Since  the  specificity  of  the  array-based  technologies 
is  not  well  established,  it  is  recommended  that  data  be  interpreted 
with  caution  and  that  independent  methods  are  used,  such  as 
fluorescent  in  situ  hybridization  (FISH)  or  quantitative  real-time 
PCR,  to  validate  the  inferred  copy  number  alterations. 

In  contrast  to  the  hybridization-based  technologies  where  the 
actual  resolution  is  currently  not  known,  digital  karyotyping  has  an 
advantage  in  providing  the  statistical  confidence  of  detected  geno¬ 
mic  alterations.  This  is  because  of  its  unique  data  output  that 
allows  a  detailed  analysis  of  predicted  resolution  by  computer 
simulation  using  the  Monte  Carlo  method  or  power  calculation.  In 
the  original  report  of  digital  karyotyping,1*1  the  Monte  Carlo 
method  was  used  to  determine  the  sensitivity  and  positive  predic¬ 
tive  value  (PPV)  of  various  sizes  of  genetic  alterations.  The  PPV 
indicates  the  probability  of  a  detected  alteration  being  a  true  one, 
and  therefore  can  help  researchers  determine  the  need  to  design 
validation  experiments. 

In  addition,  to  help  determine  the  number  of  experimental  tags 
required  to  confidently  detect  different  sizes  and  folds  of  DNA 
copy  number  alterations,  we  performed  power  calculations,  w'hich 
are  provided  in  table  II.  A  detailed  method  of  the  power  calcula¬ 
tion  is  discussed  in  the  appendix.  Based  on  table  II,  with  82  114 
tags,  we  expect  to  reliably  detect  a  5-fold  amplification  of  200kb  in 
size,  but  if  941  160  tags  are  obtained,  we  expect  to  reliably  detect 
a  5-fold  amplification  covering  20kb. 
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Table  II.  Experimental  tag  requirements  for  different  folds  of  amplification 


Size  of  alteration 

No.  of  experimental  tags  required  to  achieve  >95%  PPV 

No.  of  base  pairs 

No.  of  virtual  tags 

1.5-folda 

2-folda 

3-folda 

5-folda 

10-folda 

7724 

2 

87  961  682 

24  861  803 

7  626  139 

2  448  702 

768  509 

19  320 

5 

33  300  667 

9  489  511 

2  861  381 

941  160 

286  348 

38  640 

10 

10  352  768 

2  949  813 

890  628 

286  348 

88  431 

193  200 

50 

2  869  803 

812  725 

248  449 

82  114 

25  266 

579  600 

150 

882  207 

252  660 

80  009 

27  372 

8422 

1  930  000 

500 

242 133 

67  376 

21  055 

8422 

2106 

3  860  000 

1100 

100  222 

29  477 

10  528 

4211 

2106 

a  Fold  of  amplification. 

PPV  =  the  probability  that  a  detected  mutation  represents  a  real  mutation. 


3.  Limitation  of  Digital  Karyotyping 

It  should  be  noted  that  digital  karyotyping  can  assess  DNA 
copy  number  changes,  but  it  is  not  well  suited  for  revealing  the 
physical  location  of  the  genetic  arrangements.  Therefore,  digital 
karyotyping  does  not  allow  detection  of  translocations  and  cannot 
reveal  the  topological  alteration  of  gene  duplication,  such  as 
distinguishing  between  a  tandem  or  inverted  repeat.  On  the  other 
hand,  its  sensitivity  of  detecting  gene  duplication  is  not  affected  by 
the  topological  arrangements. 

In  practice,  DNA  polymorphisms  will  affect  the  resolution  of 
digital  karyotyping.  For  example,  polymorphisms  at  the  mapping 
or  tagging  enzyme  sites  that  affect  the  efficiency  of  the  restriction 
enzyme  digestions,  as  well  as  polymorphisms  at  the  21  bp  tags,  will 
reduce  the  numbers  of  extractable  tags  and  thus  compromise  the 
resolution  digital  karyotyping.  Similarly,  polymorphism  in  the 
genome  will  also  affect  hybridization-based  technologies.  For 
example,  DNA  polymorphism  at  the  probe  site  will  affect  the 
efficiency  of  hybridization  and  thus  hamper  the  resolution. 

3, 1  Cost  of  Digital  Karyotyping 

Despite  the  great  reliability  and  sensitivity  achievable  by  digital 
karyotyping,  the  current  cost  of  each  digital  karyotyping  library 
remains  high,  mostly  attributed  to  the  cost  of  the  dideoxy  sequenc¬ 
ing  method.  It  is  estimated  to  range  from  $US10  000  to 
$US20  000  to  obtain  a  library  with  100  000-200  000  tags.  There¬ 
fore,  before  performing  the  expensive  procedures,  careful  selec¬ 
tion  of  the  tumor  cell  cultures  and  tumor  specimens  to  be  analyzed 
is  recommended.  If  a  cell  culture  is  chosen,  it  is  better  to  use  low 
passage  cell  cultures  instead  of  long-term  culture  (e.g.  a  cell  line). 
This  is  because  long-term  culture  has  a  higher  risk  of  harboring 
accumulated  genetic  alterations  during  in  vitro  propagation  that 


are  not  relevant  to  the  pathogenesis  of  tumors.  If  a  tumor  specimen 
is  to  be  used,  a  careful  review  of  tumor  histological  types  and 
tumor  cell  enrichment  methods,  such  as  microdissection  or  tumor 
cell  purification  using  antibody-conjugated  magnetic  beads,  are 
recommended. 

Although  expensive,  the  high-quality  and  high-resolution  data 
from  a  small  set  of  tumors  at  the  discovery  phase  will  likely  justify 
the  expense  of  digital  karyotyping.  The  successful  examples  using 
digital  karyotyping  to  identify  causal  genes  for  a  variety  of  cancer 
types  that  will  be  described  in  this  review  are  proof  of  the  cost- 
effectiveness  of  digital  karyotyping.  In  addition,  with  the  develop¬ 
ment  of  cheaper  and  more  reliable  sequencing  technologies, [5’61  it 
is  foreseeable  that  in  the  near  future  the  cost  of  digital  karyotyping 
may  reduce  substantially  and  be  comparable  to  array-based  tech¬ 
nologies. 

4.  Online  Database  of  Digital  Karyotyping 

Public  deposit  of  digital  karyotyping  data  is  available  from  the 
CGAP  (Cancer  Genome  Anatomy  Project)  website.171  All  the 
sequence  tags  from  each  digital  karyotyping  library  can  be  re¬ 
trieved.  The  web  browser  provides  bioinformatics  tools  for  analy¬ 
sis  of  the  DNA  copy  number  alterations  using  varying  parameters, 
including  wundow  scales,  and  size  and  fold  of  alterations.  Current¬ 
ly,  there  have  been  23  libraries  deposited  and  it  can  be  expected 
that  in  the  future,  with  the  accumulated  digital  karyotyping 
database,  this  centralized  web  deposit  will  provide  scientists  with  a 
valuable  resource  to  study  the  cancer  genome  in  detail. 

This  website  also  provides  free  software  to  analyze  new  data. 
Text  files  containing  the  experimental  tag  data  with  observed 
frequencies  can  be  uploaded,  then  the  software  in  the  web  browser 
can  analyze  the  data  with  varying  window  size  and  parameters  for 
amplification  and  deletion. 
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5.  Methylation-Specific  Digital  Karyotyping 

By  applying  the  mapping  enzyme  that  is  sensitive  to  DNA 
methylation,  digital  karyotyping  can  also  be  used  to  assess  methyl - 
ation  changes  in  the  cancer  genome.181  This  modification,  named 
methylation-speeific  digital  karyotyping  (MS-DK),  was  demon¬ 
strated  in  breast  cancer  and  normal  tissues  using  the  methylation 
sensitive  mapping  enzyme  Avcl.[81  The  findings  of  this  study 
showed  more  tags  in  the  tumor  epithelial  cells,  consistent  with  an 
overall  hypomethylation  of  the  cancer  genome.  MS-DK  has  also 
demonstrated  distinct  epigenetic  changes  at  the  different  stages  in 
tumor  progression.181 

MS-DK  inherits  the  unique  features  of  digital  karyotyping, 
unlike  other  array-based  technologies,  and  it  can  therefore  be 
envisaged  that  MS-DK  will  be  one  of  the  most  powerful  methods 
to  permit  the  analysis  of  cancer  methylome  at  a  genome-wide 
scale.  Compared  with  methylation-speeific  PCR,  which  is  a  candi¬ 
date  approach  to  analyze  methylation  patterns  at  each  gene  locus, 
the  advantage  of  MS-DK  is  that  it  only  requires  a  small  amount  of 
DNA  (<lpg)  for  analysis  of  the  entire  human  genome,  while  the 
same  amount  of  DNA  can  only  be  used  to  analyze  a  handful  of 
genes  by  methylation-speeific  PCR. 

6.  Applications  of  Digital  Karyotyping  in  Identifying 
Genomic  Alterations 

6,1  Identifying  Deleted  Genes 

Detection  of  a  homozygous  deletion  has  historically  led  to  the 
identification  of  genes  that  are  important  in  cancer  development. 
Genes  reported  to  be  homozygously  deleted  in  cancer  include 
DPC4  (SMAD4)W  BRCA2 [10]  and  p76!NK4A  (CDKN2A)SU]  How¬ 
ever,  genome-wide  detection  of  homozygous  deletion  is  fraught 
with  technical  difficulties  when  compared  with  the  discovery  of 
amplified  genes.  In  contrast  to  several-fold  (generally  >5-fold) 
increases  of  DNA  copy  number  for  an  amplified  gene,  a  homozy¬ 
gous  deletion  usually  occurs  in  chromosomal  regions  with 
hemizygous  deletion.  The  change  in  DNA  copy  number  in  homo¬ 
zygous  deleted  genes  is  usually  from  1-2  copies/genome  to  0 
copy/genome,  making  its  identification  challenging.  Therefore,  it 
requires  a  method  with  sufficient  sensitivity  for  the  discovery  of 
homozygous  deletion.  Digital  karyotyping  has  been  shown  to  be 
able  to  identify  novel  homozygous  deletions  including  the  one  at 
the  5q  locus  in  the  colorectal  cancer  cell  line  DiFiJ'1  More  recent¬ 
ly,  digital  karyotyping  has  identified  a  discrete  deletion  at  chromo¬ 
some  17p,  harboring  a  putative  tumor  suppressor,  MKK4 
(MAP2K4)li2’n]  in  two  of  the  purified  ovarian  serous  carci¬ 


nomas.1141  Thus,  digital  karyotyping  can  potentially  identify  the 
existence  of  a  previously  unknown  genetic  deletion  that  contrib¬ 
utes  to  the  development  of  cancer. 

6.2  Identifying  Amplified  Genes 

An  increase  in  genomic  DNA  copy  number  is  one  of  the  major 
mechanisms  to  activate  an  oncogene.  With  an  increase  in  DNA 
copies,  the  encoded  transcript  and  functional  protein  of  a  specific 
gene  are  consequently  up  regulated,  w'hich  may  contribute  to 
tumorigenesis.  In  addition  to  identifying  deletions  in  a  cancer 
genome,  digital  karyotyping  has  been  employed  to  recognize 
amplifications  of  oncogenes.  The  identification  of  orthodenticle 
homologue  2  (07X2)  as  an  oncogene  in  medulloblastomas  is  the 
product  of  digital  karyotyping.1151  Analysis  of  five  digital  kary¬ 
otyping  libraries  generated  from  medulloblastomas  identified  a 
novel  amplicon,  the  07X2  gene,  on  chromosome  14q.  0TX2  is 
responsible  for  the  fate  of  neuroectoderm  in  various  regions  of  the 
developing  brain.1151  The  role  of  0TX2  in  the  development  of  the 
brain  is  consistent  with  its  proposed  role  as  a  medulloblastoma 
oncogene.1151  Another  study  also  identified  OTX2  amplification  in 
permanent  medulloblastoma  cell  lines  using  digital  karyotyp¬ 
ing.111’1  Functional  analysis  of  OTX2  by  small  interstitial  RNA 
knock-down  strategy  was  shown  to  result  in  the  inhibition  of  in 
vitro  medulloblastoma  cell  growth,  supporting  the  pathogenesis  of 
777X2  as  an  oncogene.1161 

A  recent  study  has  applied  digital  karyotyping  to  survey  the 
DNA  copy  number  alterations  in  purified  ovarian  carcinomas  and 
has  identified  a  region  on  chromosome  1  lq!3. 12  to  be  frequently 
amplified  in  patients  with  advanced  ovarian  cancer.  This  amplifi¬ 
cation  was  also  found  to  correlate  with  a  poor  overall  survival.1171 
A  candidate  oncogene,  remodeling  and  spacing  factor  1  ( RS1F ; 
also  known  as  HBXAP),  was  pinpointed  in  this  study  by  its 
concurrent  amplification  and  over-expression  characteristics.  This 
oncogene  was  amplified  in  13.2%  of  high-grade  serous  ovarian 
carcinomas  studied  and  was  not  detected  in  any  cases  of  low-grade 
serous  carcinomas,  serous  borderline  tumors,  benign  cystade- 
nomas,  or  normal  ovaries.  This  study  has  not  only  utilized  digital 
karyotyping  to  identify  a  new  oncogene  in  ovarian  carcinoma,  but 
also  recognized  its  role  as  a  prognostic  factor  and  a  potential  drug 
target. 

6.3  Identifying  Chemotherapeutic  Targets 

The  purpose  of  identifying  genetic  alterations  lies  in  the  poten¬ 
tial  to  provide  improved  diagnostic  tests  at  an  earlier  stage,  as  well 
as  the  ability  to  administer  a  more  effective  treatment  regimen. 
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Digital  karyotyping  has  also  been  used  with  the  intention  of 
discovering  potential  chemotherapeutic  targets.  As  noted  earlier, 
digital  karyotyping  identified  the  oncogene  OTX2  in  medulloblas¬ 
tomas.  [IS’ 161  Cell  lines  that  expressed  OTX2  were  noted  to  respond 
to  all-trans  retinoic  acid,  which  represses  OTX2  expression  and 
induces  apoptosis;  thus,  providing  a  possible  therapeutic  modality 
for  medulloblastomas  expressing  this  gene,1161  In  a  study  by  Wang 
et  al.,[lsI  digital  karyotyping  was  used  to  identify  an  amplified 
lOOkb  region  on  chromosome  1 8pl  1 .32  in  patients  with  colorectal 
cancer  that  demonstrated  resistance  to  5-fluorouracil  (5-FU)  ther¬ 
apy.  This  area  was  identified  as  a  region  encoding  thymidylate 
synthase  (TYMS),  which  is  a  target  of  5-FU.  The  study  was  able  to 
correlate  this  amplification  with  a  shorter  mean  survival,  and 
proposed  that  TYMS  gene  amplification  may  be  used  to  identify 
patients  with  5-FU  resistance.  The  discovery  of  this  5-FU  resis¬ 
tance  marker  may  lead  to  the  development  of  a  different  treatment 
regimen  for  patients  who  develop  resistance,  which  will  likely 
result  in  a  more  efficacious  drug  regimen  and  eliminate  unnecessa¬ 
ry  adverse  effects.1181  These  applications  indicate  that  digital  kary¬ 
otyping  may  be  used  amongst  patients  with  evidence  of  drug 
resistance  or  other  profiles  to  identify  loci  that  may  be  altered 
resulting  in  a  changed  drug  response. 

7.  Conclusion 

In  summary,  digital  karyotyping  has  been  developed  to  detect 
gross  and  interstitial  chromosomal  changes,  including  amplifica¬ 
tions  and  deletions  that  may  potentially  harbor  oncogenes  and 
tumor  suppressor  genes,  respectively.  It  provides  a  high-resolution 
evaluation  of  genomic  DNA  content  and  has  proven  to  be  a  useful 
method  to  evaluate  genomic  changes  with  a  digital  readout.  Digital 
kaiyotyping  has  been  successfully  applied  to  explore  the  DNA 
copy  contents  in  colorectal  carcinoma,  medulloblastoma,  melano¬ 
ma  and  ovarian  serous  carcinomas,  and  it  has  facilitated  the 
identification  of  potential  tumor-associated  genes  involved  in 
tumorigenesis.  However,  current  cost  and  labor  associated  with 
this  new  technology  remain  high,  limiting  its  practical  applica¬ 
tions.  It  is  foreseeable  that  in  the  near  future,  with  the  reduction  of 
sequencing  costs,  digital  kaiyotyping  will  become  a  more  feasible 
technology.  The  modified  version  of  digital  kaiyotyping,  MS-DK, 
which  holds  the  unique  and  comprehensive  features,  will  likely 
play  a  role  in  revealing  the  genome-wide  methylation  profile  in 
cancer  and  will  advance  our  understanding  of  the  cancer  genome. 
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Appendix 

1.  Method  for  Table  I  and  Table  II 

In  order  to  identify  DNA  copy  number  alterations,  we  slide  a 
window  along  each  chromosome,  looking  for  places  where  the 
sum  of  tag  counts  within  a  window  is  higher  or  lower  than 
expected  by  chance  alone.  If  we  assume  that  the  tag  counts  have  a 
Poisson  distribution,  then  the  sum  has  a  Poisson  distribution  as 
well,  and  we  can  perform  hypothesis  tests  based  on  that  distribu¬ 
tion.  If  the  Poisson  assumption  is  correct,  these  tests  are  equivalent 
to  the  permutation  tests  usually  used  for  analysis  of  digital  kary¬ 
otyping  data.  As  shown  in  table  I,  we  compared  the  results 
produced  by  Poisson  test  with  the  results  from  Monte  Carlo 
simulation  in  the  original  digital  karyotyping  paper.111  They  appear 
consistent  when  requiring  the  PPV  to  be  >95%.  We  include  a  p- 
value  adjustment  for  the  multiple  tests  that  arise  when  scanning  the 
genome  and  the  exact  value  was  determined  by  extensive  simula¬ 
tion. 

If  there  is  exactly  one  mutation  on  a  chromosome,  the  PPV  can 
be  approximated  as  power/(a  +  power),  where  a  represents  a  type 
I  error.  We  set  power  to  be  0.95  and  a  to  be  0.05,  so  the  PPV  will 
be  approximately  0.95  in  each  cell  of  the  table.  More  mutations 
will  lead  to  a  higher  PPV,  so  this  is  in  some  sense,  the  most 
stringent  criteria.  The  calculation  was  based  on  a  total  of  842  202 
virtual  tags  deduced  from  the  entire  human  genome,  and  for 
convenience,  an  ‘average’  chromosome  of  40  000  tags  were  used 
for  all  the  calculations,  although  results  may  vary  slightly  between 
chromosomes  of  different  lengths. 
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ABSTRACT 

Analysis  of  deleted  chromosomal  regions  in  tumors  has  historically  led  to  the  identifi¬ 
cation  of  tumor  suppressor  genes.  In  this  study,  we  used  digital  karyotyping,  a 
genome-wide,  high-resolution  technology,  to  search  for  chromosomal  deletions  in  ovarian 
serous  carcinoma,  the  most  lethal  gynecological  malignancy  in  women.  Five  purified 
ovarian  serous  carcinomas  were  analyzed  by  digital  karyotyping  and  small  interstitial 
deletions  at  chromosome  17p  were  identified  in  two  tumor  samples.  Aligning  these  two 
deletions  identified  an  overlapping  region  that  spanned  2.4  Mb  which  harbored  a  candidate 
tumor  suppressor  gene,  mitogen-activated  protein  kinase  kinase-4  ( MKK4 ).  Dual-color 
FISH  analysis  confirmed  homozygous  deletion  of  the  MKK4  locus  in  both  samples  and 
RT-PCR  demonstrated  that  both  carcinomas  lacked  MKK4  transcript  expression.  Loss  of 
heterozygosity  of  1  7p  occurred  in  24  (86%)  of  28  high-grade  serous  carcinomas  including 
both  cases  with  homozygous  MKK4  deletion.  Additionally,  downregulation  of  MKK4 
expression  was  found  in  96  (75%)  of  128  ovarian  serous  carcinomas  as  compared  to 
benign  ovarian  tissues.  These  findings  suggest  that  homozygous  deletion  or  reduced 
expression  of  MKK4  may  contribute  to  the  development  of  ovarian  serous  carcinoma. 


INTRODUCTION 

Functional  inactivation  or  loss  of  expression  of  tumor  suppressor  genes  is  important  in 
cancer  development.  Traditionally,  tumor  suppressor  genes  have  been  identified  by  detection 
of  homozygous  deletions  in  a  chromosomal  region.  Several  tumor  suppressor  genes  with 
homozygous  deletion  have  been  reported  in  human  cancers  including  DPC-4,1  pl62  and 
BRCA23  and  it  is  expected  that  more  will  be  discovered.  However,  genome-wide  identifi¬ 
cation  of  homozygous  deletion  is  fraught  with  technical  difficulties  as  compared  to  discovery 
of  gene  amplification.  First,  gene  amplification  usually  shows  greater  than  3-fold  increase 
of  DNA  copy  number  while  homozygous  deletion  usually  occurs  in  chromosomal  regions 
with  hemizygous  deletion  (or  loss  of  heterozygosity)  and  the  absolute  change  in  DNA  copy 
number  in  the  homozygous  deleted  region  is  smaller  (usually  a  change  from  one  copy  to 
zero  copy  per  genome)  and  may  be  difficult  to  detect  using  the  current  methods. 
Furthermore,  the  size  of  homozygous  deletions  may  be  small  (<500  kb)  while  the  size  of 
amplified  chromosomal  regions  generally  ranges  from  1  to  several  Mb.  Thus,  a  highly 
sensitive  genome-wide  method  is  required  to  detect  homozygous  deletion.  Second, 
although  contamination  of  normal  DNA  in  the  tumor  samples  can  obscure  detection  of 
amplification  as  well  as  homozygous  deletions,  it  is  a  much  greater  problem  in  the  detection 
of  deletions.  Therefore,  tumor  cell  lines  have  been  successfully  used  as  alternatives  to 
characterize  homozygous  deletions  in  cancer  although  cell  lines  can  acquire  molecular 
genetic  changes  as  a  result  of  long-term  culture  that  are  not  relevant  to  tumor  development. 

To  overcome  these  technical  difficulties,  we  applied  a  new  genome-wide  technology, 
digital  karyotyping,4  to  identify  deleted  chromosomal  regions  in  ovarian  serous  carcinoma, 
one  of  the  most  aggressive  malignancies  in  women.  Digital  karyotyping  is  based  on  extracting 
and  counting  21  bp  sequence  tags  that  represent  unique  loci  in  the  human  genome. 
Populations  of  tags  can  be  directly  matched  to  the  genome  assembly  and  digital  enumeration 
of  tags  is  then  used  to  quantitatively  evaluate  DNA  content  along  each  chromosome.  The 
major  advantage  of  digital  karyotyping  is  that  it  directly  counts  sequence  tags,  thus 
providing  an  unbiased  digital  readout  of  DNA  copy  numbers.  Digital  karyotyping  has 
been  demonstrated  to  be  a  sensitive  method  of  detecting  DNA  copy  number  changes  and 
has  been  used  successfully  to  identify  novel  genomic  deletions  and  amplifications  and  in 
human  cancer.4'8 
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In  order  to  minimize  contamination  from  normal  DNA,  we 
applied  an  affinity  immunosorting  method  using  EpCAM  antibody- 
conjugated  magnetic  beads9  to  isolate  pure  tumor  cells  from  fresh 
surgical  specimens.  As  a  result  of  employing  digital  karyotyping  on 
purified  ovarian  serous  carcinomas,  we  found  interstitial  deletions  of 
a  region  on  chromosome  17p  containing  the  MKK4  gene. 

MATERIALS  AND  METHODS 

Digital  karyotyping.  Tissue  samples  were  obtained  from  the  Department 
of  Pathology  at  the  Johns  Hopkins  Hospital  and  ascites  samples  from  the 
Norwegian  Radium  Hospital  in  Oslo,  Norway.  The  acquisition  of  specimens 
was  approved  by  the  institutional  research  review  boards  of  both  institutions. 
All  the  tumor  samples  were  high-grade,  FIGO  stage  III  or  IV  ovarian  serous 
carcinomas.  Tumor  cells  were  affinity  purified  from  tissue  specimens  using 
anti-EpCAM-conjugated  beads  and  genomic  DNA  was  isolated  using  a 
DNeasy  kit  (Qiagen,  Chatsworth,  CA).  Digital  karyotyping  libraries  were 
constructed  from  five  serous  carcinoma  tissues  and  were  analyzed  as  previ¬ 
ously  described.4  Approximate  120,000  genomic  tags  were  obtained  from 
each  library.  After  removing  the  nucleotide  repeats  in  the  human  genome, 
the  average  number  of  filtered  tags  was  66,000  for  each  library.  A  window 
size  of  150  virtual  tags  was  used  for  analysis.  The  sensitivity  and  specificity 
of  the  analysis  have  been  described  in  a  previous  report.4 

Dual-color  fluorescence  in  situ  hybridization  (FISH).  Tissue  microarrays 
consisting  of  48  high-grade  ovarian  serous  carcinomas  were  used  in  the  FISH 
analysis.  BAC  clones  (RP1 1-1 1 12M1 1,  CTD-3045M24  and  CTD-2331E5), 
containing  the  genomic  sequences  harboring  the  MKK4  gene  located  at 
17pl2,  were  labeled  with  biotin  by  nick  translation.  BAC  clone  (CTD- 
2506E12),  located  at  17ql  1.2,  was  used  to  generate  the  reference  probe.  The 
FISH  method  and  the  scoring  criteria  have  been  detailed  in  a  previous  report.5 

Loss  of  heterozygosity  (LOH)  analysis.  LOH  was  determined  using 
fluorescent-labeled  microsatellite  markers  located  at  17p:  D17S1298, 
D17S974  and  D17S969  (Invitrogen,  Carlsbad, CA).  PCR  was  performed 
using  DNA  isolated  from  purified  tumor  cells  and  their  matched  normal 
cells  obtained  from  stromal  cells.  PCR  products  were  separated  and  analyzed 
using  a  capillary  electrophoresis  system  (SpectruMedix,  State  College,  PA) . 

Mutational  analysis  of  MKK4.  Sequences  for  exons  and  adjacent  introns 
containing  the  kinase  domain  of  MKK4  were  extracted  from  the  public 
database  of  the  human  genome  sequences  (http://genome.ucsc.edu/). 
Primers  for  PCR  amplification  and  sequencing  were  designed  using  the 
Primer  3  program  (http://ffodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi), 
and  were  synthesized  by  IDT  (Coralville,  IA).  PCR  amplification  and 
sequencing  were  performed  on  tumor  DNA  from  purified  primary  tumors 
using  a  96  capillary  ABI  3700  instrument  at  Agencourt  Biosciences 
(Beverly,  MA).  Sequence  traces  were  assembled  and  analyzed  to  identify 
potential  genomic  alterations  using  the  Mutation  Surveyor  software  package 
(SoftGenetics,  State  College,  PA).  Sequences  of  all  primers  used  for  PCR 
amplification  and  sequencing  are  provided  in  Supplementary  Table  1 . 

Quantitative  real-time  PCR.  For  quantitative  RT-PCR,  a  total  of  128 
high-grade  ovarian  serous  carcinomas  (75  tissue  samples  and  58  ascites 
samples)  and  12  samples  of  benign  ovarian  epithelial  cells  (2  from  brushed 
ovarian  surface  epithelium,  4  from  brushed  cystadenomas  and  6  primary 
cultures)  were  analyzed.  Relative  gene  expression  was  determined  by 
quantitative  real-time  PCR  using  methods  previously  described.10  PCR 
reactions  were  performed  using  an  iCycler  (Bio-Rad  Lab,  Hercules,  CA)  and 
the  PCR  primers  used  to  amplify  MKK4  transcript  were:  5-GCCTGTG- 
GCTGAAAATTAAGG-3 '  and  5  ;-TCAATGTCCACCTCGCAATAG-3 ' . 
The  results  were  expressed  as  the  difference  between  the  Ct  of  the  MKK4 
and  the  Ct  of  a  control  gene  (APP)  for  which  expression  is  relatively  constant 
among  the  SAGE  libraries  analyzed.10 

Immunohistochemistry.  A  total  of  52  paraffin-embedded  tissues  including 
35  high-grade  ovarian  serous  carcinomas,  five  low-grade  ovarian  serous 
carcinomas,  eight  benign  ovarian  cysts  and  four  normal  ovaries  were  analyzed 
for  immunoreactivity  of  total  JNK1  and  phosphorylated  (activated)  JNK1. 
The  antibodies  used  included  a  rabbit  polyclonal  anti-JNKl  pan  antibody 


(44-690G)  and  a  rabbit  polyclonal  anti-JNKl &2  (pTpY183/I85)  phosphory¬ 
lation-specific  antibody  (44-682G)  which  were  purchased  from  Biosource 
(Camarillo,  CA) .  Immunohistochemistry  was  performed  by  incubating  the 
slides  with  antibodies  at  1:100  dilutions  at  4°C  overnight  followed  by 
chromagen  development  using  the  Envision  kit  (DAKO,  Carpinteria,  CA). 

RESULTS  AND  DISCUSSION 

Purified  tumor  cells  from  five  fresh  high-grade  serous  carcinomas 
were  used  for  digital  karyotyping.  A  discrete  interstitial  deletion  on 
chromosome  17p  was  identified  in  two  specimens  with  an  inferred 
copy  number  of  <0.5  copy/haploid  genome  (Fig.  1A).  In  contrast, 
the  inferred  number  for  the  normal  diploid  genome  is  1  copy/haploid 
genome  and  for  hemizygous  deletion  was  0.5  copy/haploid  genome. 
Using  a  cutoff  of  0.5,  we  deduced  that  the  smallest  deleted  region  in 
these  two  tumors  spanned  10.535  to  12.960  Mb  (Fig.  IB).  Twelve 
genes  were  located  in  this  region,  including  MKK4,  a  candidate  tumor 
suppressor  gene  previously  reported  to  be  homozygously  deleted  in 
pancreatic  and  breast  carcinomas.11,12  Based  on  the  properties  of 
MKK4  and  its  localization  within  this  homozygous  deletion,  we 
focused  on  MKK4  in  this  study. 

To  validate  the  digital  karyotyping  results,  we  employed  a  dual¬ 
color  FISH  analysis  because  it  is  generally  acknowledged  that  FISH 
analysis  which  is  based  on  directly  counting  probe  signals  on  single 
cells,  provides  a  highly  sensitive  and  specific  approach  of  assessing 
gene  copy  number.13'15  Three  different  BACs  with  different  sizes  that 
covered  the  MKK4  genomic  locus  were  selected  to  generate  the  FISH 
probes  (Fig.  2A).  FISH  demonstrated  that  only  one  probe  derived 
from  the  BAC  clone,  CTD-2331E5,  was  able  to  detect  MKK4  deletion 
in  both  cases  with  the  deletion  defined  by  digital  karyotyping.  This 
probe  hybridized  to  the  genomic  region  close  to  the  5’  portion  of 
MKK4,  including  its  5'  promoter  and  the  first  2  exons.  As  shown  in 
(Fig.  2B),  the  carcinoma  cells  showed  signals  only  of  the  reference 
probe,  indicating  a  homozygous  deletion.  In  contrast,  signals  of  both 
MKK4  and  reference  probes  were  observed  with  a  similar  count  ratio 
in  stromal  cells  adjacent  to  the  carcinoma  cells.  Using  this  BAC  clone, 
FISH  analyses  were  performed  on  48  high-grade  serous  carcinoma 
samples  including  those  used  in  the  digital  karyotyping  analysis. 
Except  for  the  two  cases  with  homozygous  deletion  detected  by  digital 
karyotyping,  there  were  no  additional  cases  showing  a  homozygous 
deletion.  Therefore,  the  frequency  of  MKK4  homozygous  deletion  in 
high-grade  ovarian  serous  carcinomas  was  4.2%.  This  was  similar  to 
that  observed  in  pancreatic  (2%)  and  breast  (4.5%)  carcinoma.11,12 

LOH  of  17p  is  frequently  identified  in  ovarian  carcinomas  and  is 
thought  to  be  one  of  the  mechanism  to  inactivate  p53  or  other 
tumor  suppressor  located  on  17p.16  To  determine  the  relationship  of 
17p  LOH  and  MKK4  deletion,  we  analyzed  the  LOH  status  of  17p 
on  28  serous  carcinomas  using  fluorescent-labeled  microsatellite 
markers,  D17S1298,  D17S974  and  D17S969,  located  at  3.87, 
10.72  and  12.05  Mb  on  17p,  respectively.  Our  results  demonstrated 
that  17p  LOH  in  at  least  one  of  the  markers  occurred  in  24  (86%) 
of  28  high-grade  serous  carcinomas  including  both  carcinomas  with 
MKK4  homozygous  deletion  (Fig.  3).  This  result  supports  the  view 
that  LOH  is  one  of  the  mechanisms  that  inactivates  MKK4  alleles. 
To  further  assess  somatic  inactivating  mutations  in  the  retained  allele, 
we  sequenced  MKK4  from  the  same  48  ovarian  serous  carcinomas. 
None  of  them  showed  somatic  mutations,  suggesting  that  sequence 
mutation  of  MKK4  is  a  rare  or  non-existent  event  in  ovarian  serous 
carcinomas. 
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The  presence  of  homozygous  deletion 
of  MKK4  in  ovarian  carcinomas  supports 
its  role  as  a  tumor  suppressor  in  ovarian 
cancer.  In  addition,  we  attempted  to 
determine  if  the  gene  expression  level  of 
MKK4  decreased  in  high-grade  serous 
carcinomas.  First,  we  measured  the  MKK4 
mRNA  levels  in  38  ovarian  serous  carci¬ 
nomas  in  which  the  status  of  genomic  DNA 
copy  number  was  known  and  compared 
this  to  benign  control  tissues.  There  was 
no  detectable  amplified  PCR  product  in 
either  of  the  two  cases  with  homozygous 
deletion  (Fig.  4A).  In  contrast,  in  the 
remaining  36  tumors  without  homozygous 
deletion,  MKK4  PCR  products  were 
demonstrated  (Fig.  4A).  In  addition,  MKK4 
expression  in  carcinomas  compared  to 
benign  ovarian  tissues  was  performed  using 
quantitative  RT-PCR.  The  results  showed 
that  as  compared  to  benign  ovarian  tissues, 
the  MKK4  transcript  level  in  high-grade 
serous  carcinoma  tissues  and  ascites  was 
significantly  decreased  (Fig.  4B,  p  <  0.001, 
t-test).  The  lowest  expression  level  (cycle 
threshold,  Ct)  in  the  benign  group  was 
24.25  and  it  was  used  as  the  cutoff  to 
evaluate  MKK4  downregulation  in  the 
carcinoma  group.  Fifty-eight  (77.3%)  of 
78  ovarian  carcinoma  tissue  samples  and 
38  (71.7%)  of  53  ovarian  carcinoma  ascites 
samples  had  a  MKK4  expression  level 
below  the  cutoff.  Clinical  follow  up  was 
available  in  the  patients  with  ascites.  Kaplan- 
Meier  survival  analysis  demonstrated  no 
significant  correlation  between  MKK4 
expression  levels  and  overall  survival  or 
disease-free  interval  (p  >  0.1). 

MKK4  has  been  shown  to  phosphorylate  and  activate  JNK;  there¬ 
fore  we  performed  immunohistochemistry  to  determine  if  total  and 
phosphorylated  JNK  proteins  were  present  in  tumors  with  MKK4 
homozygous  deletion.  Our  result  demonstrated  that  the  immunore- 
activity  of  total  and  phosphorylated  (active)  JNK  was  present  in  both 
MKK4-n\A\  tumors;  however,  their  immuno-intensity  of  phosphory¬ 
lated  JNK  was  reduced  as  compared  to  benign  cyst  epithelium  (Fig.  5). 
Previous  studies  have  demonstrated  that  the  levels  of  active  JNK  in 
MKK4'1'  ES  cells  were  at  reduced  but  comparable  levels  to  those  of 
MKK4 +/+  cells  after  treatment  with  UV  irradiation  and  osmolarity 
shock.17,18  Therefore  it  has  been  proposed  that  other  kinase,  such  as 
MKK7,  was  required  in  conjunction  with  MKK4  for  a  full  activation 
of  JNK 4 9  Based  on  our  finding  in  this  report,  it  is  plausible  that  the 
similar  mechanism  is  employed  by  ovarian  tumor  cells. 

Figure  2.  Dual-color  FISH  validates  homozygous  deletion  of  the  MKK4  gene. 
(A)  The  physical  location  of  MKK4  and  three  BAC  clones  used  for  FISH 
probes.  Only  the  CTD-2331E5  FISH  probe  detects  the  MKK4  homozygous 
deletion.  HD:  homozygous  deletion.  (B)  In  the  505  carcinoma  cells  (left), 
FISH  detects  a  complete  loss  of  MKK4  gene  (green)  while  retaining  the 
signals  of  the  control  reference  probe  (red).  In  contrast,  stromal  cells  on  the 
same  tissue  section  of  the  505  specimen  contain  signals  for  both  MKK4  and 
reference  probes  with  approximately  1:1  ratio  (right). 
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Figure  1.  Detection  of  genomic  deletion  on  chromosome  17p  by  digital  karyotyping.  (A)  Digital  kary¬ 
otyping  detects  a  decrease  of  DNA  copy  number  (<0.5  copy/haploid  genome)  on  17p  in  two  purified 
ovarian  serous  carcinomas  labeled  as  505  and  1  120  but  not  in  a  control  diploid  lymphoblastoid  cell 
line  (CEPH1291  1  1)  which  demonstrates  an  inferred  copy  number  of  1  across  the  whole  chromosome. 
(B)  Aligning  the  deletions  in  505  and  1  120  carcinomas  defines  the  overlapped  deletion  region.  Using 
a  cutoff  of  0.5  copy/haploid  genome,  the  minimally  deleted  region  is  predicted  to  span  from  10.535  to 
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Figure  3.  LOH  analysis  of  17p  in  high-grade  ovarian  serous  carcinomas. 
LOH  of  17p  was  analyzed  using  fluorescent-labeled  microsatellite  markers, 
D17S1298,  D17S974  and  D17S969,  located  at  3.87,  10.72  and  12.05 
Mb  on  17p,  respectively.  The  majority  of  serous  carcinomas  demonstrate 
LOH  in  at  least  one  of  the  markers.  Arrows  indicate  the  two  tumors  harboring 
MKK4  deletion. 


MKK4  is  a  component  of  the  stress-activated  protein  kinase 
signaling  cascade  involving  the  MEKK1/A4APKKK1,  SEK1/MKK4/ 
JNKK,  and  SAPKJJNK  pathway.  A  variety  of  extracellular  signals 
including  environmental  stress,  growth  factors  and  inflammatory 
cytokines  activate  MKK4  and  the  ]NKJp38  signaling  cascades.20'21 
MKK4  plays  a  major  role  during  normal  development22,18'25  and 
tumorigenesis.12,24'26  Biallelic  inactivation  of  MKK4  such  as  an 
inactivating  mutation  of  one  allele  and  loss  of  the  other  has  been  iden¬ 
tified  in  cancer  cell  lines  of  the  breast,  colon,  testis,  and  pancreas.11,12 
In  ovarian  cancer,  MKK4  has  been  shown  to  act  as  a  metastasis 
suppressor  gene.25  Engineered  expression  of  MKK4  in  the  SKOV3 
ovarian  cancer  cells  suppressed  metastasis  in  mice  and  engineered  MKK4 
expression  in  tumor  cells  prolonged  the  life  span  of  mice  by  70%. 

As  in  other  types  of  human  carcinomas,  the  prevalence  of 
homozygous  deletion  of  MKK4  in  ovarian  carcinoma  is  low  with  a 
frequency  of  4.2%.  However,  downregulation  of  MKK4  expression 
was  detected  in  the  majority  of  ovarian  carcinomas.  The  wild-type 
nucleotide  sequence  of  MKK4  in  48  ovarian  carcinomas  analyzed 
suggests  that  the  decrease  in  MKK4  expression  may  operate  by 
transcriptional  regulation  rather  than  sequence  mutations  that  affect 
MKK4  protein  function. 

In  summary,  our  findings  provide  the  first  molecular  genetic 
evidence  of  MKK4  alteration  in  ovarian  serous  carcinoma.  Despite  a 


MKK4 

downregulation 


Figure  4.  MKK4  transcript  levels  in  high-grade  ovarian  serous  carcinomas. 
(A]  RT-PCR  of  the  MKK4  mRNA  demonstrates  that  the  two  samples  harboring 
MKK4  homozygous  deletion  (lanes  6  and  7)  do  not  show  detectable  MKK4 
transcript  expression  while  the  36  tumors  without  MKK4  homozygous  deletion 
expressed  robust  MKK4  mRNA  (representatives  shown  in  lanes  1  through  5). 
RT-PCR  of  the  APP  gene  was  performed  on  the  same  cDNA  panels  as 
controls  (bottom).  (B)  Quantitative  RT-PCR  of  MKK4  expression  in  a  panel  of 
ovarian  benign  tissues,  high-grade  serous  carcinoma  tissues  and  high-grade 
serous  carcinomas  ascites.  As  compared  to  benign  ovarian  tissues,  MKK4 
was  significantly  down-regulated  in  high-grade  carcinomas  and  ascites 
tumors  (p  <  0.001,  t-test). 


Figure  5.  Immunoreactivity  of  phosphorylated  JNK  in  benign  ovarian  epithe¬ 
lium  and  ovarian  serous  carcinoma  with  MKK4  homozygous  deletion. 
(A)  Benign  ovarian  cyst  shows  diffuse  and  intense  phosphorylated  JNK 
immunoreactivity  in  the  nuclei  of  epithelial  cells.  (B)  Carcinoma  tissue  with 
known  MKK4  deletion  demonstrates  weaker  immunoreactivity  than  the  benign 
cyst  epitheliums. 


low  frequency  of  MKK4  homozygous  deletion,  we  found  that  down- 
regulation  of  MKK4  expression  was  present  in  the  majority  of  ovarian 
serous  carcinomas.  These  findings  together  with  a  previous  study 
showing  that  inactivation  of  MKK4  led  to  cell  transformation26 
suggest  that  MKK4  is  a  tumor  suppressor  gene  in  ovarian  high-grade 
serous  carcinomas.  These  results  shed  new  light  on  the  pathogenesis 
of  ovarian  serous  carcinoma  and  may  have  important  therapeutic 
implications. 
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ABSTRACT 

Sequence  mutations  and  gene  amplifications  lead  to  activation  of  the  PIK3CA-AKT2 
signaling  pathway  and  have  been  reported  in  several  types  of  neoplasms  including  ovar¬ 
ian  cancer.  Analysis  of  such  genetic  alterations,  however,  is  usually  complicated  by 
contamination  of  normal  cell  DNA,  artifacts  associated  with  formalin-fixed  tissues  and  the 
sensitivity  of  the  techniques  employed.  In  this  study,  we  analyzed  the  sequence  mutations 
in  PIK3CA  and  AKT2  genes  using  purified  tumor  cells  that  were  isolated  from  high-grade 
ovarian  serous  carcinomas  and  serous  borderline  tumors  (SBTs)  and  assessed  gene  ampli¬ 
fication  using  a  dual-color  FISH  on  tissue  microarrays.  Somatic  sequence  mutations  in  the 
kinase  domain  of  AKT2  were  not  detected  in  any  of  the  65  ovarian  tumors  analyzed. 
Mutations  of  PIK3CA  were  rare,  occurring  only  in  one  (2.3%)  of  44  high-grade  serous 
carcinomas  and  in  only  one  (4.8%)  of  21  SBTs.  Dual-color  FISH  demonstrated  that  PIK3CA 
and  AKT2  were  not  amplified  in  SBTs  but  amplified  in  13.3%  and  18.2%  high-grade 
carcinomas,  respectively.  High-level  amplification  (>3  fold)  was  more  frequently  observed 
in  AKT2  than  in  PIK3CA.  Unlike  mutations  in  ERBB2,  KRAS  and  BRAF  which  are  mutually 
exclusive  in  SBTs,  coamplification  of  PIK3CA  and  AKT2  was  present  in  five  high-grade 
carcinomas  including  the  OVCAR3  cells.  Amplification  in  either  of  the  genes  occurred  in 
27%  high-grade  serous  carcinomas.  In  conclusion,  the  methods  we  employed  provide 
unambiguous  evidence  that  somatic  sequence  mutations  of  PIK3CA  and  ATK2  are  rare  in 
ovarian  serous  tumors  but  amplification  of  both  genes  may  play  an  important  role  in  the 
development  of  high-grade  ovarian  serous  carcinoma. 


INTRODUCTION 

Ovarian  cancer  is  the  most  lethal  gynecologic  malignancy  and  serous  tumors  are  the 
most  common  type  of  ovarian  cancer.1,2  Ovarian  serous  neoplasms  are  heterogeneous  and 
can  be  divided  into  high-  and  low-grade  tumors  that  are  characterized  by  distinctive 
molecular,  histopathological  and  clinical  features.3'6  High-grade  tumors  are  the  usual  type 
of  ovarian  serous  carcinoma.  They  are  aggressive  and  have  a  high  mortality  rate.  Low-grade 
tumors  are  composed  mainly  of  serous  borderline  tumors  (SBTs)  and  invasive  low-grade 
serous  carcinomas.  SBTs  may  progress  to  invasive  low-grade  carcinomas  which  are  indolent 
neoplasms  with  a  better  outcome  than  high-grade  serous  carcinomas.  Mutations  of  KRAS 
and  BRAF  occur  in  approximately  two  thirds  of  low-grade  serous  tumors  but  are  rare  in 
high-grade  serous  carcinomas.5'8  In  contrast,  somatic  TP53  mutations  are  detected  in  greater 
than  60%  of  high-grade  serous  carcinoma  and  only  rarely  (8%)  in  low-grade  serous  tumors.9 
Furthermore,  both  high-grade  carcinomas  and  low-grade  tumors  are  characterized  by 
distinctive  gene  expression  profiles.10'12  Based  on  these  findings,  a  dualistic  model  of  ovarian 
serous  carcinogenesis  in  which  high-grade  and  low-grade  ovarian  serous  tumors  develop 
along  distinctly  different  molecular  pathways  has  been  proposed.3 

Activating  mutations  and  amplification  of  genes  in  kinase  signaling  pathways  play  a 
critical  role  in  tumorigenesis.  Moreover,  the  mutated  kinase  proteins  can  potentially 
provide  new  targets  for  a  kinase  inhibitor  or  antibody-based  therapy.  In  this  study,  we 
focused  on  somatic  mutations  and  gene  amplifications  of  the  phosphoinositide  3-kinase 
(PIK3CA)-AKT2  signaling  pathway  because  PIK3CA  gene  and  its  downstream  gene, 
AKT2,  are  thought  to  be  important  in  ovarian  cancer  development  and  therefore  are 
potential  molecular  targets  for  new  therapeutics.8,13'16  The  PI3K-AKT2  signaling  pathway 
regulates  diverse  cellular  functions  including  cellular  proliferation,  survival  and  migration.17'19 
Somatic  mutations  within  the  PIK3CA  kinase  domains  have  been  reported  in  colorectal, 
brain,  ovarian  and  breast  cancers.20'24  In  addition,  increased  PIK3CA  and  AKT2  gene 
copy  numbers  have  been  detected  in  pancreatic,  ovarian,  cervical,  head  and  neck,  and  lung 
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carcinomas.  13,14,25-27  Although  molecular  genetic  analysis  has  been 
performed  in  ovarian  cancer, 23,28,29  none  Gf  the  reports  employed 
purified  tumor  samples  to  determine  sequence  mutations  and  fluo¬ 
rescence  in  situ  hybridization  (FISH)  analysis  on  surgical  specimens 
to  assess  gene  copy  number.  Finally,  simultaneous  analyses  of  copy 
number  changes  in  both  PIK3CA  and  AKT2  have  not  been  performed 
on  the  same  tumor  tissues.  In  order  to  clarify  the  mutational  profiles 
of  PIK3CA  and  AKT2  genes  in  surgical  specimens,  we  obtained 
genomic  DNA  from  purified  high-grade  serous  carcinomas  and 
SBTs  in  which  the  high  purity  of  tumor  cells  was  confirmed  by 
cytokeratin  staining  and  identification  of  heterozygous  somatic 
mutations  in  control  genes.  We  also  analyzed  DNA  copy  number 
changes  of  PIK3CA  and  AKT2  genes  in  the  same  archival  tumor 
specimens  using  a  dual-color  FISH  which  is  an  accurate  method  of 
assessing  gene  amplification  especially  for  those  with  a  low-level  gain. 

MATERIALS  AND  METHODS 

Tissue  samples  and  tumor  cell  isolation.  High-grade  (conventional) 
ovarian  serous  carcinomas  and  ovarian  serous  borderline  tumors 
(SBTs)  [atypical  proliferative  serous  tumors  and  intraepithelial 
(micropapillary)  low-grade  serous  carcinomas]  were  obtained  from 
the  Department  of  Pathology  at  the  Johns  Hopkins  Hospital  between 
2000  and  2005.  All  high-grade  ovarian  tumors  were  advanced  stage 
(FIGO  stage  III  and  IV).  Acquisition  of  tissue  specimens  was  approved 
by  the  institutional  review  board  at  the  Johns  Hopkins  Hospital. 

For  sequencing  analysis,  tumor  cells  from  65  serous  tumors  (44 
high-grade  serous  carcinomas  and  2 1  serous  borderline  tumors)  were 
isolated  using  the  following  protocol  illustrated  in  Figure  1 .  Frozen 
section  examination  was  performed  by  a  surgical  pathologist  (IS)  on 
all  specimens  to  confirm  the  diagnosis  before  tissue  harvesting.  For 
high-grade  carcinomas,  fresh  tumor  tissues  were  washed  in  cold 
phosphate  buffered  saline  (PBS),  minced  to  -1  mm3  fragments  and 
digested  with  collagenase  A  (10  mg/ml)  with  mild  agitation  at  37°C 
for  40  min.  Single  tumor  cells  or  small  tumor  cell  clusters  (<  1 0  cells) 
were  collected  from  the  top  portion  of  centrifuge  tubes  after  the 
large  incompletely  digested  tissue  fragments  descended  to  the  bottom 
of  the  tube.  The  tumor  cells  were  washed  with  PBS  and  then  isolated 
using  magnetic  beads  coated  with  an  Ep-CAM  antibody  (Dynal, 
Oslo,  Norway).  The  tumor  cells  were  either  directly  harvested  for 
genomic  DNA  isolation  or  cultured  in  RPMI1640  containing  10% 
fetal  bovine  serum  for  three  days  to  expand  the  tumor  cell  population 
for  those  samples  with  only  limited  amounts  of  tumor  tissue.  For  SBTs, 
the  fresh  tumor  fragments  were  harvested  directly  into  centrifuge 
tubes  containing  0.05%  trypsin  and  200  Jlg/ml  EDTA  in  HBSS 
(Invitrogen)  without  mincing  and  collagenase  digestion.  This 
approach  allowed  epithelial  (tumor)  cells  that  covered  the  surface  of 
papillary  structures  of  borderline  tumors  to  detach  from  the  basement 
membrane  without  digesting  the  underlying  stromal  cells,  thus 
minimizing  possible  stromal  cell  contamination.  After  incubation  at 
37°C  for  20  min,  the  SBT  fragments  were  agitated  at  room  temper¬ 
ature  for  1  min  to  allow  complete  separation  of  epithelial  cells  from 
the  tissue  fragments.  The  epithelial  cells  were  washed  with  culture 
medium  twice  and  cultured  for  3  days.  Purity  of  the  tumor  cells  was 
confirmed  by  immunostaining  with  an  anti-cytokeratin  antibody, 
CAM  5.2  (Becton  Dickinson,  San  Jose,  CA).  The  genomic  DNA 
from  normal  uterus  or  colonic  mucosa  from  the  same  patient  was 
also  obtained  for  all  cases. 

For  dual-color  FISH  analysis,  formalin-fixed,  paraffin-embedded 
tissues  were  used.  A  total  of  124  specimens  consisting  of  74  high-grade 


Minced  to  small 
fragments  and 
collagenase 
digestion 


Figure  1 .  Tumor  cell  purification  from  surgical  specimens  in  a  serous  border¬ 
line  tumor  SBT)  and  a  high-grade  (HG)  ovarian  serous  carcinoma. 


serous  carcinomas,  37  SBTs  and  13  normal  ovaries  were  arranged 
onto  tissue  microarrays  for  FISH  analysis.  Three  representative  cores 
(1.5  mm  diameter)  from  each  tumor  block  were  placed  on  the  tissue 
microarrays. 

Mutational  analysis.  Nucleotide  sequencing  was  used  to  analyze 
the  mutational  status  of  PIK3CA  and  AKT2  in  tumor  cells  isolated 
from  the  ovarian  serous  tumors.  In  addition,  KRAS ,  BRAF,  ERBB2 
and  TP53  genes  were  also  analyzed  in  the  same  panel  for  comparison. 
In  this  study,  we  focused  on  analyzing  the  exons  that  have  been 
reported  to  harbor  the  majority  of  mutations  for  each  of  the  genes. 
The  primer  sequences  and  the  PCR  protocol  have  been  previously 
described.6,9,20,30'35  Supplement  Table  1  listed  PCR  and  sequencing 
primers  of  all  the  exons  that  were  sequenced  in  this  study.  PCR 
products  were  purified  and  sequenced  at  Agencourt  Bioscience 
(Beverly,  MA). 

Fluorescence  in  situ  hybridization  (FISH).  For  the  PIK3CA 
locus,  bacterial  artificial  chromosome  clones  containing  the  target 
(RP1 1-245C23)  and  referenced  (RP11-69N24)  chromosomal 
regions  hybridized  to  3q26.32  and  3ql3.11,  respectively.  For  the 
AKT2  locus,  bacterial  artificial  chromosome  clones  containing  the 
target  (CTC-425023)  and  referenced  (RP11-75H6  and 
CTD-3195E18)  chromosomal  regions  hybridized  to  I9ql3.2  and 
the  reference  probe  to  1 9p  13.13,  respectively.  The  bacterial  artificial 
chromosome  clones  were  purchased  from  Bacpac  Resources 
(Children’s  Hospital  Oakland,  CA)  and  Invitrogen. 
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Table  1  Mutational  status  of  kinase  genes  in  ovarian  serous  tumors 


Case  No. 

Tumor 

PIK3CA 

AKT2 

ERBB2 

KRAS 

BRAF 

1 

SBT 

WT 

WT 

12  bp  ins** 

WT 

WT 

2 

SBT 

WT 

WT 

WT 

WT 

T1976A:V600E 

3 

SBT 

WT 

WT 

WT 

G35TG12V 

WT 

4 

SBT 

WT 

WT 

WT 

G35A:G1 2D 

WT 

5 

SBT 

WT 

WT 

WT 

G35A:G1 2D 

WT 

6 

SBT 

WT 

WT 

WT 

WT 

T1976A:V600E 

7 

SBT 

WT 

WT 

WT 

WT 

WT 

8 

SBT 

WT 

WT 

WT 

WT 

WT 

9 

SBT 

WT 

WT 

WT 

WT 

WT 

10 

SBT 

WT 

WT 

WT 

WT 

T1 976A:V600E 

1  1 

SBT 

A3 1 40G:H 1 047R 

WT 

WT 

G35TG12V 

WT 

12 

SBT 

WT 

WT 

WT 

G38TG13V 

WT 

13 

SBT 

WT 

WT 

WT 

WT 

WT 

14 

SBT 

WT 

WT 

WT 

G35TG12V 

WT 

15 

SBT 

WT 

WT 

WT 

WT 

WT 

16 

SBT 

WT 

WT 

WT 

WT 

T1976A:V600E 

17 

SBT 

WT 

WT 

1  2  bp  ins 

WT 

WT 

18 

SBT 

WT 

WT 

WT 

WT 

T1976A:V600E 

19 

SBT 

WT 

WT 

WT 

WT 

WT 

20 

SBT 

WT 

WT 

WT 

WT 

WT 

21 

SBT 

WT 

WT 

WT 

G35TG12V 

WT 

22-63 

HG1-42 

WT 

WT 

WT 

WT 

WT 

64 

HG43 

WT 

WT 

WT 

WT 

T1976A:V600E 

65 

HG44 

A3 1 40G:H 1 047R 

WT 

WT 

WT 

WT 

SBT,  serous  borderline  tumor;  HG,  high-grade  serous  carcinoma.  *12  bp  insertion  at  2313-2324. 


The  method  for  FISH  on  tissue  sections  has  been  detailed  in  a 
previous  report.36  Target  and  reference  probes  were  labeled  with 
biotin  and  digoxigenin,  respectively.  To  detect  biotin-labeled  and 
digoxigenin-labeled  signals,  slides  were  first  incubated  with 
FITC-avidin  (Vector,  Burlingame,  CA)  and  anti-digoxigenin  sheep 
Fab  fragment  (Roche,  Indianapolis,  IN);  then  incubated  with  a 
biotinylated  anti-avidin  antibody  (Vector,  Burlingame,  CA)  and 
TRITC-conjugated  rabbit  anti-sheep  F(ab)2  (Jackson 
ImmunoResearch,  West  Grove,  PA);  followed  by  incubation  with 
FITC-avidin  and  TRITC-conjugated  goat  anti-rabbit  F(ab)2 
(Jackson  ImmunoResearch).  Two  investigators  (TLW  and  IS)  who 
were  not  aware  of  the  tumor  grade  and  clinical  information  evaluated 
the  FISH  signals.  Approximately  100  tumor  cells  were  examined  for 
each  specimen.  Gain  of  DNA  copy  number  of  a  gene  was  defined  as 
the  ratio  of  the  gene  probe  signal  to  the  control  probe  signal  exceeding 
1.5.  High-level  of  amplification  was  defined  as  a  signal  ratio  greater 
than  3. 


RESULTS 

Our  method  for  tumor  cell  purification  yielded  a  sample  in  which 
tumor  cells  comprised  greater  than  99%  of  the  sample  for  all 
high-grade  carcinomas  and  SBTs  based  on  immunostaining  for 
cytokeratin.  Both  high-grade  carcinoma  and  SBT  cells  formed  cohesive 
epithelial  nests  in  short  term  primary  cultures  (Fig.  1).  The  mutational 
status  of  PIK3CA,  AKT2,  ERBB2,  KRAS  and  BRAF  in  all  65  purified 
ovarian  serous  tumors  is  summarized  in  Table  1 .  Somatic  mutations 
of  PIK3CA  were  identified  in  one  (2.3%)  of  44  high-grade  serous 
carcinomas  and  in  one  (4.8%)  of  21  SBTs.  Both  mutations  were 
heterozygous  and  were  located  at  A3140G  of  a  kinase  domain  (Fig.  2 
and  Table  1).  Neither  SBTs  nor  high-grade  serous  carcinomas 
demonstrated  a  somatic  mutation  in  the  AKT2  kinase  domain.  Since 
mutations  of  both  kinase  genes  in  either  high-grade  carcinomas  or 
SBTs  were  so  infrequent,  we  used  TP53  gene  as  a  positive  control  for 
high-grade  serous  carcinomas  because  TP53  mutation  is  the  most 
frequent  molecular  genetic  change  known  so  far  in  high-grade  ovarian 
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Figure  2.  Chromatograms  of  PIK3CA  and  ERBB2  mutational  status  in  two 
representative  serous  borderline  tumors  (case  number  1  1  and  17).  Case  1  1 
shows  a  heterozygous  somatic  mutation  at  the  nucleotide  3140  (A  to  G). 
Case  17  demonstrates  a  heterozygous  12  bp  in-frame  insertion  mutation  at 
the  nucleotide  of  2313-2324. 

serous  carcinomas. 3,9,35  Two  kinase  genes  including  KRAS  and 
BRAF  were  used  as  controls  for  SBTs  because  they  are  the  most 
common  mutations  in  SBTs.37  As  ERBB2  may  regulate  the  KRAS 
signaling  pathway,  we  also  analyzed  the  mutational  status  of  this 
gene  in  SBTs.  Among  44  high-grade  carcinomas,  34  (77%)  tumors 
harbored  TP53  nonsynonymous  mutations  or  deletions  and  the 
majority  of  the  mutations  were  homozygous  changes  (data  not 
shown).  Somatic  mutations  of  either  ERBB2,  KRAS  and  BRAF 
occurred  in  9.5%,  33%  and  24%  of  SBTs,  respectively.  Most  KRAS 
mutations  were  located  at  codon  12  and  all  BRAF  mutations  at  codon 
600,  the  hot  spots  of  mutations  for  both  genes.  ERBB2  mutations 
occurred  as  a  12-bp  insertion  at  the  nucleotide  2313-2324  (Fig.  2 
and  Table  1).  The  mutations  of  ERBB2,  KRAS  and  BRAF  mutations 
were  not  shared  in  any  of  the  SBTs.  The  high  frequency  of  somatic 
mutations  detected  in  those  control  genes  with  an  unambiguous 
chromatogram  tracing  indicated  that  the  purified  samples  used  in 
this  study  had  a  high  fraction  of  tumor  cells  and  that  the  rare 
mutation  of  PIK3CA  and  lack  of  mutation  in  the  AKT2  genes  were 
not  likely  to  be  an  artifact  due  to  sample  preparation  or  methods  of 
PCR  and  nucleotide  sequencing. 

In  addition  to  somatic  sequence  mutations,  gene  amplification 
provides  another  mechanism  to  activate  a  kinase  oncogenic  pathway. 
Accordingly,  we  performed  dual-color  FISH  to  determine  the  ampli¬ 
fication  status  of  PIK3CA  and  AKT2  in  both  high-grade  serous  car¬ 
cinomas  and  SBTs.  Dual-color  FISH  was  used  because  this  method 
provides  high  sensitivity  and  specificity  in  counting  gene  copy  num¬ 
ber.  PIK3CA  and  AKT2  gene  copy  numbers  were  assessed  in  the 
same  tumor  tissues  to  determine  if  there  was  a  correlation  of  DNA 
copy  number  gain  between  both  genes.  FISH  was  first  performed  in 
the  OVCAR3  ovarian  cancer  cell  line  and  6  representative 
high-grade  serous  carcinoma  tissues  in  which  the  DNA  copy 


Table  2  DNA  copy  number  changes  of  the  PIK3CA  locus 
in  ovarian  tumors  based  on  FISH  analysis 


PIK3CA  Locus 

OSE 

SBT 

HG 

No  gain  or  amplified 

13 

37 

52 

Low  gain  (1 .5-3  fold] 

0 

0 

7 

High  gain  (>  3  fold) 

0 

0 

1 

polyploidy 

0 

0 

14 

Total 

13 

37 

74 

OSE,  ovarian  surface  epithelium  from  normal  ovaries;  SBT,  serous  borderline  tumor;  HG,  high-grade  serous 
carcinoma. 

number  changes  in  PIK3CA  and  AKT2  had  been  detected  by  digital 
karyotyping.38  The  latter  is  a  genome-wide  technology  to  assess  gene 
copy  number  by  counting  sequencing  tags  that  represent  different 
genomic  loci.39  Digital  karyotyping  analysis  showed  that  all  samples 
lacked  a  discrete  gain  or  amplification  (<  5  Mb)  in  the  3q  PIK3CA 
locus  including  the  OVCAR3  cells  which  demonstrated  a  two-fold 
gain  along  the  whole  3q  arm  (Fig.  3  and  supplementary  Fig.  1). 
Dual-color  FISH  was  performed  on  the  metaphase  OVCAR3  cells 
and  demonstrated  a  low  level  gain  (-2  fold)  at  the  PIK3CA  locus  in 
OVCAR.3  cells  (Fig.  3)  which  was  consistent  with  a  previous 
report.25  We  correlated  the  PIK3CA  gene  copy  number  and  mRNA 
expression  levels  and  found  only  a  marginal  correlation  (p  =  0.04). 
Among  those  cases  with  gain  of  the  PIK3CA  region,  four  specimens 
showed  downregulation  of  PIK3CA  mRNA  as  compared  to  ovarian 
surface  epithelial  cultures.  In  contrast  to  this  low  level  gain  of 
PI3KCA ,  digital  karyotyping  showed  a  discrete  1 0  fold  amplification 
spanning  -3  Mb  of  the  AKT2  locus  in  the  OVCAR3  cells  (Fig.  2) 
and  a  5  fold  amplification  in  the  other  carcinoma  tissues  (Park  et  al, 
unpublished  data).  FISH  analysis  of  this  region  showed  a  homoge¬ 
nously  staining  region  (HSR)  in  tumor  cells  in  both  cases  (Fig.  3).  In 
the  remainder  of  the  cases,  both  target  and  reference  probes  showed 
equal  signals  in  both  PIK3CA  and  AKT2  loci.  The  analysis  correlat¬ 
ing  digital  karyotyping  and  FISH  results  validated  the  FISH  method 
to  determine  DNA  copy  number  of  PIK3CA  and  AKT2  in  archival 
paraffin  tissues. 

Using  the  same  probes,  we  performed  dual-color  FISH  on  a  panel 
of  paraffin  tissues  from  different  types  of  ovarian  serous  tumors  and 
normal  ovaries  that  were  arranged  in  tissue  microarrays.  Based  on  the 
FISH  analysis,  we  did  not  identify  gain  of  PIK3CA  gene  copy  num¬ 
ber  in  37  SBTs  and  13  cases  of  surface  epithelium  from  normal 
ovaries  (Table  2).  In  contrast,  PIK3CA  amplification  was  detected  in 
8  of  the  60  (13.3%)  high-grade  serous  carcinomas  in  addition  to  14 
other  cases  with  a  polyploid  pattern  (same  increased  number  of  sig¬ 
nals  between  PIK3CA  and  control  probes)  as  these  tumors  were  not 
considered  to  have  amplification  specific  to  PIK3CA.  Among  the 
amplified  cases,  only  one  showed  a  high  level  of  amplification  man¬ 
ifested  as  HSR  and  the  other  six  cases  were  of  low  level  gains  (1.5-3 
fold).  FISH  analysis  also  demonstrated  that  AKT2  did  not  amplify 
in  any  of  the  normal  ovarian  surface  epithelial  samples  and  SBTs 
(Table  3).  In  contrast,  AKT2  amplification  was  observed  in  12  of  66 
(18.2%)  high-grade  serous  carcinomas,  the  majority  of  which 
demonstrated  high-level  amplification  as  manifested  by  HSR.  In 
addition,  there  were  8  cases  showing  a  polyploid  pattern  (Table  3). 
Performing  FISH  analysis  on  the  same  tissues  allowed  us  to  assess  the 
relationship  of  PIK3CA  znAAKT2  amplification  in  high-grade  ovar¬ 
ian  serous  carcinomas.  Four  high-grade  serous  carcinomas  and  the 
OVCAR3  cell  line  showed  coamplification  of  PIK3CA  and  AKT2. 
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Amplification  in  either  PIK3CA  and/or  AKT2  occurred  in  16  of  59 
(27%)  nonpolyploid  cases. 

DISCUSSION 

In  this  study,  we  performed  a  comprehensive  mutational  analysis 
of  exons  1,  9  and  20  of  PIK3CA  and  the  kinase  domain  of  AKT2  in 
purified  ovarian  serous  neoplasms  including  high-grade  (conven¬ 
tional)  serous  carcinomas  and  serous  borderline  tumors  (SBTs).  In 
contrast  to  previous  studies  which  analyzed  nonpurified 
tumors,23’28’29  only  purified  tumor  samples  from  surgical  specimens 
were  analyzed  for  sequence  mutations  in  this  study.  Purified  tumor 
cells  are  far  superior  for  mutational  analysis  as  DNA  contamination 
from  normal  cells  and  the  PCR/sequencing  artifacts  from  forma¬ 
lin-fixed  paraffin-  embedded  tissue  are  minimized.  In  addition, 
dual-color  FISH  provides  a  clear  assessment  of  DNA  copy  number 
gains  of  PIK3CA  and  AKT2  in  the  same  tumor  tissues  thereby  allow¬ 
ing  a  determination  of  the  relationship  of  amplification  between 
both  genes.  Our  findings  demonstrate  that  compared  to  high-grade 
serous  carcinomas,  SBTs  are  characterized  by  mutations  in  the 
ERBB2-KRAS-BRAF  signaling  pathway  while  high-grade  ovarian 
serous  carcinomas  have  an  increased  gene  copy  number  of  the 
PIK3CA-AKT2  signaling  pathway.  These  results  shed  new  light  on 
the  pathogenesis  of  serous  carcinoma  of  the  ovary  and  may  have 
important  therapeutic  implications. 

The  low  frequency  (3%)  of  mutations  of  PIK3CA  in  both 
purified  high-grade  serous  carcinomas  and  SBTs  confirms  what  has 
been  reported  previously.23,28  These  data  and  the  lack  of  somatic 
mutations  in  the  AKT2  kinase  domain  in  all  the  samples  tested 
indicates  that  activating  sequence  mutations  of  the  PIK3CA-AKT2 
pathway  most  likely  do  not  play  a  significant  role  in  the  development 
of  ovarian  serous  tumors.  We  also  analyzed  the  copy  number 


Figure  3.  Digital  karyotyping  and  dual-color  FISH 
analysis  of  the  PIK3CA  and  AKT2  copy  number  in 
OVCAR3  cells.  Digital  karyotyping  of  OVCAR3  cell 
line  shows  a  two-fold  increase  in  the  entire  3q  arm  that 
harbors  PIK3CA.  FISH  probes  are  designed  to  hybridize 
to  the  PIK3CA  locus  (red  arrow)  and  a  reference 
chromosomal  region  (green  arrow).  The  centromeres 
are  indicated  by  triangles.  FISH  analysis  demonstrated 
an  increase  in  the  signals  of  PIK3CA  with  a  ratio  of 
PIK3CA/ reference  probe  signal  counts  of  2.  In  contrast, 
the  AKT2  region  which  is  located  on  chromosome  1  9q 
is  highly  amplified  in  OVCAR3  cells  and  FISH  shows  a 
homogenously  stained  region  pattern  in  tumor  cells. 


changes  of  PIK3CA  and  AKT2  in  ovarian  serous 
tumors  using  dual-color  FISH,  a  method  thought 
to  provide  a  more  sensitive  and  specific  assessment 
of  gene  copy  number  in  tissues.  We  found  a  low 
level  gain  (1.5-3  fold  increase)  in  PIK3CA  in  the 
majority  of  PIK3CA  amplified  specimens.  This  is 
consistent  with  a  previous  report  using  FISH  that 
showed  a  low  copy  number  gain  (1.5-2. 5  fold)  of 
PIK3CA  in  the  majority  of  ovarian  cancer  cell 
lines.25  These  results  differ  from  another  study 
reporting  high  level  amplification  (>7  fold)  in 
24.5%  of  ovarian  cancers  based  on  genomic 
real-time  PCR.23  The  discrepancy  is  probably  due 
to  the  different  methods  used  to  measure  the 
PIK3CA  copy  number.  It  is  generally  acknowledged 
that  FISH  analysis  which  is  based  on  directly  counting  probe  signals 
provides  the  most  sensitive  and  specific  method  of  assessing  gene 
copy  number,  especially  for  samples  with  low  copy  number 
gains.40'42  In  contrast,  analysis  of  DNA  copy  number  using  genomic 
real-time  PCR  can  be  complicated  by  the  primer  selection,  the  presence 
of  genomic  repeats/pseudogenes  that  can  lead  to  spurious  results 
because  of  inappropriate  primer  set,  as  well  as  background  noise 
inherent  in  real-time  PCR.  The  frequency  of  high  copy  number  gain 
in  the  PIK3CA  gene  is  much  lower  than  in  the  AKT2  gene  which  is 
known  to  be  a  frequently  amplified  oncogene  in  ovarian  cancer.13 
The  molecular  genetic  findings  in  this  report  imply  that  amplification 
of  the  genes  in  the  PIK3CA-AKT2  pathway  may  play  an  important 
role  in  the  development  of  ovarian  high-grade  serous  carcinoma. 
However,  it  is  also  likely  that  PIK3CA  contributes  to  tumor  devel¬ 
opment  through  another  downstream  mediator,  other  than  AKT2, 
because  amplification  of  AKT2  and  gain  of  PIK3CA  were  found  in  a 
small  set  of  4  high-grade  carcinomas  and  in  the  OVCAR3  cell  line. 
The  low  level  gains  of  PIK3CA  may  not  have  significant  biological 
significance  as  the  increased  DNA  copy  number  of  PIK3CA  only 
marginally  correlates  with  its  RNA  copy  number.  In  this  study,  we 
have  shown  overexpression  of  PIK3CA  in  some  of  ovarian  high-grade 
serous  carcinomas,  a  finding  similar  to  a  previous  report  demon¬ 
strating  that  PIK3CA  protein  (pi  10a)  overexpression  could  be 
detected  in  of  ovarian  carcinomas.43 

The  identification  of  a  12  bp  in-frame  insertion  mutation  of 
ERBB2  in  this  study  is  of  interest  since  sequence  mutations  have  not 
been  reported  in  ovarian  neoplasms  although  amplification  of 
ERBB2  has  been  extensively  studied  in  ovarian  carcinomas.  The 
frequency  and  type  of  ERBB2  insertion  mutation  in  SBTs  are  similar 
to  those  reported  in  lung  adenocarcinomas31  but  are  different  from 
gastric,  colorectal  and  breast  carcinomas  44  Although  the  number  of 
tumors  with  ERBB2  mutations  in  this  study  was  small,  the  mutually 
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Table  3  DNA  copy  number  changes  of  the  AKT2  locus 
in  ovarian  tumors  based  on  FISH  analysis 

AKT2  locus  status 

OSE 

SBT 

HG 

No  gain  or  amplified 

13 

34 

54 

Low  gain  (1 .5-3  fold) 

0 

0 

4 

High  gain  (>  3  fold) 

0 

0 

8* 

Polyploidy 

0 

3 

8 

Total 

13 

37 

74 

OSE,  ovarian  surface  epithelium  from  normal  ovaries;  SBT,  serous  borderline  tumor;  HG,  high-grade 
serous  carcinoma.  ‘Cases  show  high-level  amplification  as  manifested  by  homogenous  staining  region. 


exclusive  pattern  among  ERBB2,  KRAS  and  BRAF  mutations  suggests 
that  each  of  the  kinase  genes  has  a  similar  effect  in  the  development 
ofSBTs. 

In  conclusion,  our  findings  indicate  that  amplification  of  genes 
in  the  PIK3CA-AKT2  pathway  occurs  in  high-grade  ovarian  serous 
carcinomas  and  somatic  mutations  in  the  ERBB2-KRAS-BRAF 
pathway  occur  in  SBTs.  These  findings  provide  further  support  for 
the  dualistic  model  of  ovarian  serous  tumorigenesis  which  proposes 
that  low-grade  serous  carcinomas  arise  from  a  well  characterized 
precursor,  namely  SBTs,  whereas  high  grade  serous  carcinoma  arises 
along  an  entirely  different  pathway  in  which  morphologically 
characterized  precursor  lesions  have  not  yet  been  identified.3'37  As 
small  molecule  kinase  inhibitors  show  promise  for  the  treatment  of 
tumors  with  specific  kinase  activation, '5,45,46  fjncjjngS  jn  this 
study  have  potential  clinical  application  for  target-based  therapy  in 
patients  with  different  types  of  ovarian  serous  neoplasms. 
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Measurement  of  Cyclin  E  Genomic  Copy  Number  and  Strand  Length 
in  Cell-Free  DNA  Distinguish  Malignant  versus  Benign  Effusions 

Ritu  Salani,1  Ben  Davidson,3  Michael  Fiegl,4  Christian  Marth,5  Elisabeth  Muller-Holzner,5  Guenther  Gastl,4 
Han-Yao  Huang,2  Jui-Chi  Hsiao,6  Her-Sheng  Lin,6 Tian-Li  Wang,1  Bai-Ling  Lin,6 and  le-Ming  Shih1 


Abstract  Purpose:  Previous  studies  have  shown  that  the  concentration  of  cell-free  DNA  was  higherand  its 
strand  length  longer  in  body  fluids  obtained  from  patients  with  cancer  as  compared  to  patients 
with  benign  diseases.  We  hypothesized  that  analysis  of  both  DNA  copy  number  and  strand  length 
of  cell-free  DNA  from  an  amplified  chromosomal  region  could  improve  the  diagnosis  of  malignant 
diseases  in  body  fluids. 

Experimental  Design:  To  test  this  hypothesis,  we  used  ovarian  cancer  effusion  as  an  example 
and  applied  a  quantitative  real-time  PCR  to  measure  the  relative  copy  number  and  strand  length  of 
DNA  fragments  from  one  of  the  most  frequently  amplified  genes,  cyclin  E,  in  ovarian  serous 
carcinomas. 

Results:  As  compared  with  nonamplified  chromosomal  loci,  including  (3-actin,  p53,  2p24.1,  and 
4p15.31,  measurement  of  cyclin  E  DNA  copy  number  (100  bp)  had  the  best  performance  in 
distinguishing  malignant  {n  =  88)  from  benign  (n  =  70)  effusions  after  normalization  to  effusion 
volume  or  Line-1  DNA  with  areas  under  the  receiver  operating  characteristics  curve  (AUC)  of 
0.832  and  0.847,  respectively.  Different  DNA  lengths  of  the  cyclin  E  locus  were  further  analyzed 
and  we  found  that  the  AUC  was  highest  by  measuring  the  400-bp  cyclin  E  locus  (AUC  =  0.896). 
The  AUC  was  improved  to  0.936  when  it  was  combined  with  the  length  integrity  index  as 
defined  by  the  relative  abundance  of  400  bp  cyclin  E  to  100  bp  p53  loci.  Cyclin  E  real-time  PCR 
assay  had  a  higher  sensitivity  (95.6%)  than  routine  cytology  examination  (73.9%)  and  was 
able  to  diagnose  false-negative  cytology  cases  in  this  study. 

Conclusions:  The  above  findings  indicate  that  measurement  of  the  DNA  copy  number  and 
strand  length  of  the  cyclin  E  locus  is  a  useful  cancer  diagnostic  tool. 


The  development  of  tumor  biomarkers  that  can  be  clinically 
applicable  in  body  fluids  for  cancer  diagnosis  is  useful  for 
clinical  management  in  patients  with  cancer  (1).  It  is  well 
recognized  that  several  solid  malignant  tumors  release  a 
significant  amount  of  genomic  DNA  into  body  fluids  including 
blood,  urine,  saliva,  and  effusion  from  cellular  necrosis  and 
apoptosis  (2-5).  Tumor-released  DNA  can  be  detected  as  a 
result  of  specific  genetic  and  epigenetic  alterations  including 
point  mutations,  microsatellite  alterations,  allelic  imbalance. 
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translocation,  promoter  methylation,  and  the  presence  of  viral 
sequences  (6-9).  In  addition  to  those  specific  molecular 
genetic  alterations,  elevated  DNA  concentration  and  increased 
DNA  strand  integrity  in  cell-free  DNA  have  been  reported  in 
plasma  samples  from  patients  with  cancer.  As  compared  with 
nonneoplastic  controls,  cell-free  DNA  concentration  was  higher 
in  ovarian  (7,  8),  breast  (10),  prostate  (11),  esophageal,  and 
lung  (12)  carcinomas,  as  well  as  in  melanoma  (13,  14). 
Furthermore,  increased  DNA  strand  length  (integrity)  of  cell- 
free  DNA  was  found  in  plasma  samples  from  patients  with 
ovarian  cancer  (15)  and  in  the  stool  of  patients  with  colorectal 
tumors  (16). 

Increased  DNA  copy  number  or  genomic  amplification  at 
certain  loci  are  frequently  present  in  a  variety  of  human  cancers 
(17).  As  genomic  amplification  occurs  only  in  cancer  but  not  in 
normal  tissues,  measurement  of  a  certain  amplified  chromo¬ 
somal  region  may  likely  increase  both  the  sensitivity  and 
specificity  of  the  DNA  copy  number  and  DNA  strand  integrity 
assays.  In  this  study,  we  hypothesize  that  measurements  of  both 
DNA  copy  number  and  strand  integrity  of  an  amplified 
chromosomal  locus  in  cancer  could  provide  a  highly  sensitive 
and  specific  approach  to  diagnose  malignant  versus  benign 
clinical  samples  in  body  fluids.  To  test  this  hypothesis,  we  used 
ovarian  carcinoma  effusion  as  an  example  because  ovarian 
carcinoma  is  one  of  the  most  common  causes  of  malignant 
effusion  in  women.  Furthermore,  the  differential  diagnosis  of 
malignant  from  benign  effusions  would  have  a  significant  effect 
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Table  1.  Clinical  diagnosis  of  benign  effusions 

Diagnosis 

No.  of  patients 

Cardiomyopathy 

26 

Liver  cirrhosis 

21 

Pneumonia/tuberculosis 

Others 

15 

Renal  failure 

3 

Pulmonary  embolus 

2 

Meigs  syndrome 

1 

Congenital  chylothorax 

1 

Arthritis 

1 

Total 

70 

on  the  clinical  management  of  patients  (18).  Based  on  our 
single  nucleotide  polymorphism  array  analysis  (19),  we 
identified  cyclin  E  as  the  most  frequently  amplified  chromo¬ 
somal  region  in  ovarian  carcinomas  which  occur  in  nearly  40% 
of  high-grade  ovarian  serous  carcinomas.  Thus,  we  measured 
the  DNA  copy  number  and  strand  length  of  the  cyclin  E  locus 
and  several  other  control  regions  that  are  rarely  amplified  in 
ovarian  cancer.  Our  results  showed  that  such  an  approach 
showed  promise  toward  diagnosing  ovarian  cancer  effusions. 


Materials  and  Methods 

Samples  and  genomic  DNA  isolation.  The  effusion  samples  were 
collected  at  the  Innsbruck  University  Hospital  in  Austria  and  the 
Rikshospitalet-Radiumhospitalet  Medical  Center  in  Oslo,  Norway.  All 
specimens  used  were  approved  by  the  local  institutional  review  boards 
or  ethics  committee  and  included  a  total  of  268  anonymous  effusions 
(140  ascites  samples  and  128  pleural  effusions).  The  samples  included 
88  ovarian  carcinoma  effusions,  70  benign  effusions  (Table  1),  and  110 
effusions  from  other  cancer  types  (34  lung  carcinomas,  21  breast 
carcinomas,  10  endometrial  carcinomas,  8  gastrointestinal  carcinomas, 
7  pancreatic  carcinomas,  6  hepatocellular  carcinomas,  and  24  other 
miscellaneous  cases).  The  diagnoses  of  effusions  were  based  on  clinical 
diagnosis  and  final  pathology  reports.  There  was  no  statistical 
significance  in  ages  among  the  cancer  and  benign  groups  ( P  >  0.5, 
two-way  ANOVA  analysis).  Effusion  samples  (3  mL-2  L)  were  collected 
from  patients  and  samples  were  centrifuged  for  5  min  and  the 
supernatants  were  aliquoted  and  frozen  immediately.  Before  genomic 
DNA  extraction,  the  effusion  supernatant  was  centrifuged  again  and 
200  pL  of  the  supernatant,  containing  the  cell-free  DNA,  was  collected 
from  tubes.  The  genomic  DNA  was  extracted  using  a  Qiagen  DNA 
Blood  Kit  (Qiagen)  according  to  the  manufacturer's  instructions.  All 
samples  were  analyzed  in  a  blinded  fashion  without  prior  knowledge 
of  the  specimen's  identity. 

Primer  selection  and  real-time  PCR.  The  primers  that  amplified  each 
genomic  locus  were  designed  based  on  the  Santa  Cruz  web  site.7  The 
sequences  of  all  PCR  primers  used  in  this  study  are  listed  in  Table  2.  The 
genomic  loci  were  selected  based  on  the  frequency  of  amplification  in 
ovarian  serous  carcinomas  (19).  Among  them,  cyclin  E  locus  was  the 
most  frequently  amplified  whereas  the  TP53  locus  was  commonly 
deleted  (20,  21).  Semiquantitative  real-time  PCR  was  done  using  locus- 
specific  primers  to  obtain  the  cycle  threshold  and  to  calculate  the  DNA 
length  integrity,  which  was  defined  as  the  ratio  of  the  longer  (400  bp) 
PCR  products  and  the  100  bp  PCR  products.  All  samples  were  done  in 
duplicate.  For  semiquantitative  real-time  PCR,  an  aliquot  of  1  pL  of  the 


7  http://genome.ucsc.edu/ 


purified  cell-free  DNA  was  used  in  an  11.5  pL  PCR  mixture  containing 
PCR  buffer,  10  pmol/L  of  deoxynucleotide  triphosphate,  and 
0.125  units/pL  of  Platinum  Taq  (Invitrogen) .  The  PCR  protocol  for 
iCycler  was  denaturation  for  1  min  at  94°C  followed  by  40  cycles  of 
denaturation  at  94°C  for  30  s,  annealing  at  57°C  for  30  s,  and  extension 
at  70 °C  for  5  min.  The  Bio-Rad  iCycler  software  monitored  the  changes 
in  fluorescence  of  SYBR  Green  I  dye  (Molecular  Probe)  in  each  cycle.  The 
cycle  threshold  (Ct)  value  for  each  reaction  was  calculated  by  the  iCycler 
software  package.  Alternatively,  the  real-time  PCR  was  done  in  ABI 
PRISM  7000  with  Power  SYBR  Green  PCR  Master  Mix  (2x,  Applied 
Biosystems)  and  the  default  program:  50°C  for  2  min,  95°C  for  10  min, 
and  40  cycles  of  the  two-step  reaction;  95°Cfor  15  s  and  60°Cfor  1  min. 
Cyclin  E  DNA  integrity  index  was  modified  from  a  previous  report  (15) 
and  was  defined  as  Ct  of  cyclin  E  (400  bp)  -  Ct  of  p53  (100  bp). 

Statistical  analysis.  The  results  of  the  real-time  PCR  were  analyzed 
using  receiver  operating  characteristics  (ROC)  curves.  ROC  curves  were 
constructed  for  cycle  threshold  of  a  given  genomic  locus  and  DNA 
integrity  index  as  a  diagnostic  marker  by  plotting  sensitivity  versus 
1-  specificity,  followed  by  the  calculation  of  the  area  under  the  curve 
(AUC),  which  was  done  by  a  statistics  program,  MedCalc  version 
8. 1.1.0. 8  Reproducibility  of  the  real-time  PCR  assay  was  done  by 
evaluating  the  coefficient  of  variation  (CV)  for  each  primer  and  disease 
subgroup.  Linear  regression  was  used  to  correlate  the  cyclin  E  copy 
number  between  ascites  cell  -  free  DNA  and  matched  tumor  cell  pellets 
in  10  representative  ovarian  cancer  effusions.  The  DNA  copy  number  of 
a  specific  locus  was  normalized  to  the  effusion  volume  or  the  level  of 
the  Line-1  DNA  element  because  Line-1  represented  the  abundant 
repetitive  sequences  dispersed  in  the  human  genome  and  was  thought 
to  be  a  reliable  reference  marker  to  quantify  specific  genomic  DNA 
fragments.  Fisher  exact  test  was  used  to  determine  the  significance  of  the 
differences  between  cases  and  controls.  CV  was  used  to  determine  assay 
reproducibility  between  two  institutions. 

Results 

We  first  tested  whether  the  DNA  copy  number  was  different 
between  cancer  cases  and  nonneoplastic  controls  using  primers 
that  amplified  100  bp  of  cyclin  E,  f3-actin,  p53,  2p24.1, 
4pl5.31,  and  Line-1  (as  the  normalization  control).  We  found 
that  the  copy  numbers  of  all  the  genomic  loci  were  higher  in 
ovarian  cancer  effusions  ( n  =  88)  than  in  benign  samples 
(n  =  70)  after  normalization  to  effusion  volume  or  Line-1  DNA 
(P  <  0.0001;  Table  3).  ROC  curves  were  used  to  compare  the 
performance  of  the  DNA  copy  number  between  cyclin  E  and 
nonamplified  chromosomal  loci  in  distinguishing  ovarian 
cancer  effusions  from  benign  samples.  As  shown  in  Table  3, 
cyclin  E  primers  demonstrated  the  highest  performance  in 
distinguishing  ovarian  cancer  versus  benign  effusion  samples 
with  an  AUC  of  0.832  [95%  confidence  interval  (95%  Cl), 
0.762-0.889]  when  normalized  to  plasma  volume  and  0.847 
(95%  Cl,  0.738-0.923)  when  normalized  to  Line-1  DNA. 

We  then  assessed  if  a  DNA  length  (integrity)  index  could 
improve  the  performance  of  cyclin  E  DNA  copy  number  in  the 
differential  diagnosis  of  malignant  effusions.  We  tested  the 
performance  of  different  lengths  of  cyclin  E  DNA  fragments 
using  different  reverse  primers  that  were  located  100,  400,  600, 
and  800  bp  downstream  from  the  anchored  forward  primer.  The 
AUC  of  the  abundance  PCR  product  in  distinguishing  ovarian 
cancer  versus  benign  effusions  was  the  highest  using  the  400  bp 
(AUC  =  0.896)  as  compared  with  the  100  bp  (AUC  =  0.832), 
600  bp  (AUC  =  0.813),  and  800  bp  (AUC  =  0.825;  Table 4).  Thus, 


8  http://www.medcalc.be/ 
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Table  2. 

Primer  nucleotide  sequences  used  in  the  study 

Gene 

Product  size  (bp) 

Forward  primer 

Reverse  primer 

jS-Actin 

100 

5'-GCACCACACCTTCTACAATGA-3' 

5'-GTCATCTTCTCGCGGTTGGC-3' 

fi-Actin 

400 

5'-GCACCACACCTTCTACAATGA-3' 

5'-TGTCACGCACGATTTCCC-3' 

Cyclin  E 

100 

5'-TCATTTACAGCCTTGGGACAA-3' 

5'-CTTGCACGTTGAGTTTGGGTA-3' 

Cyclin  E 

400 

5'-TCATTTACAGCCTTGGGACAA-3' 

5'-AGCGAACAGGAAGACTCAAGC-3' 

Cyclin  E-DCB 

400 

5'-GTCCAAAGGCCTGCTCTCAG-3' 

5'-AAAGTGGAAACTCGGGCTGTAAG'-3 

Cyclin  E 

600 

5'-TCATTTACAGCCTTGGGACAA-3' 

5'-GCCAATTTTAAAACATCTGAAGGA-3' 

Cyclin  E 

800 

5'-TCATTTACAGCCTTGGGACAA-3' 

5'-GGCCAGGAAAGTCACTTGAAC-3' 

Line-1 

100 

5'- AAAG  CCG  CT  C  AACTAC  AT  G  G  -  3' 

5'-TGCTTTGAATGCGTCCCAGAG-3' 

P53 

100 

5'-TCAGATAGCGATGGTGAGCAG-3' 

5'-GGCCAGACCTAAGAGCAATCA-3' 

p53-DCB 

100 

5'-TGCAATAGGTGTGCGTCAGAA-3' 

5'-AAACCTTAAAATCTAAGCTGGTATGTCCTACT-3' 

2p24.1 

100 

5'-TTCACTCAGGAAACCACATGC-3' 

5'-ATTGAACACGGCTCTCCTCTC-3' 

4pl5.31 

100 

5'-GGGATCTGACAAACAATCGAA-3' 

5'-TGGCTTCTATAACCCCTACAGTTG-3' 

we  defined  the  cyclin  E  DNA  strand  length  (integrity)  index  as  the 
difference  of  Ct  of  cyclin  E  (400  bp)  and  Ct  of  p53  (100  bp).  The 
cyclin  E  integrity  index  was  significantly  higher  in  malignant 
effusions  than  in  benign  effusions  (P  =  0.0014).  As  compared  with 
the  DNA  length  integrity  index  using  [3-actin  (400  bp)  -  [J-actin 
(100  bp)  as  we  previously  described  (15),  we  found  that  the  AUC 
of  cyclin  E  DNA  integrity  index  defined  in  this  study  (cyclin  E  400 
bp  -  p53  100  bp)  was  higher  (0.921)  than  the  (3-actin  DNA 
integrity  index  (0.85 1).  Furthermore,  combining  the  cyclin  E  copy 
number  and  length  index,  we  found  that  the  AUC  for  the  cyclin  E 
integrity  index  increased  to  0.936  (95%  Cl,  0.868-0.975; 
P  <  0.0001),  with  a  sensitivity  of  73%  and  a  specificity  of  97% 

(Fig-  1). 

In  the  ovarian  carcinoma  group,  74  samples  were  obtained 
from  ascites  and  14  samples  were  from  pleural  effusions.  There 
was  no  difference  in  cyclin  E  copy  number  and  strand  length 
index  according  to  sample  origins  (P  >  0.5).  Similarly,  in  the 
benign  disease  groups,  our  results  also  showed  no  difference 
between  ascites  (n  =  23)  and  pleural  effusions  (n  =  47;  P  >  0.3). 
Twenty-three  effusion  cases  were  selected  in  consecutive 
sequences  of  collections  regardless  of  their  cytology  diagnoses 
and  the  remaining  ovarian  cancer  cases  were  selected  based  on 
positive  cytology.  Therefore,  only  the  former  group  of  speci¬ 
mens  were  used  to  compare  the  results  of  the  cyclin  E  assay 
with  the  traditional  cytology.  The  cyclin  E  real-time  PCR  was 
able  to  identify  22  (95.6%)  of  23  cases  of  ovarian  carcinomas 
that  were  confirmed  by  clinical  and  surgical  pathology  findings 
using  the  cutoff  value  of  30.705,  which  was  selected  as  the  best 
value  in  distinguishing  malignant  cases  versus  benign  controls 
based  on  the  ROC  curve  analysis.  In  the  same  group,  cytology 
results  were  positive  in  17  (73.9%)  of  23  cases.  Therefore,  the 
cyclin  E  assay  was  able  to  diagnose  five  additional  cases  of 
ovarian  carcinoma  which  were  not  diagnosed  by  routine 
cytology.  Combining  the  cyclin  E  assay  with  traditional 
cytology,  all  23  cases  of  ovarian  cancer  were  correctly  identified, 
achieving  100%  sensitivity  in  the  diagnosis  of  malignant 
effusions. 

Ten  representative  pairs  of  ascites  samples  and  matched 
ascites  tumor  cell  pellets  from  the  same  patients  were  compared 
to  determine  if  there  was  a  correlation  in  the  cyclin  E  DNA  copy 
number  (normalized  to  Line-1  DNA  copy  number)  between 
ascites  cell -free  DNA  and  the  corresponding  tumor  cell  DNA. 
Linear  regression  showed  a  significant  correlation  (r  =  0.946)  of 
the  cyclin  E  copy  number  between  ascites  cell -free  DNA  and 
the  genomic  DNA  from  tumor  cell  pellets  of  the  matched  cases. 


To  determine  whether  the  cyclin  E  assay  was  specific  to  ovarian 
carcinoma,  the  effusion  specimens  of  ovarian  carcinoma  were 
compared  with  110  malignant  effusion  samples  of  other  cancer 
types.  Using  a  cyclin  E  Ct  of  30.705,  which  was  used  as  a  cutoff 
to  distinguish  ovarian  carcinoma  from  benign  samples,  the 
percentage  of  cases  with  Ct  below  the  cutoff  (i.e.,  higher  copy 
number)  was  significantly  higher  in  ovarian  cancer  cases 
(88.6%;  95%  Cl,  95.6-81.6%)  than  in  non-ovarian  cancer 
cases  (47.2%;  95%  Cl,  58.7-35.7%;  P  <  0.001).  The  reproduc¬ 
ibility  of  the  real-time  PCR  assay  was  assessed  and  the  overall 
mean  CV  for  the  cyclin  E  and  p53  PCRs  were  1.31%  and  1.02%, 
respectively.  The  reproducibility  assay  remained  consistent  and 
showed  minimal  variation  between  samples  evaluated  from 
day  to  day  or  batch  to  batch;  CV  for  cyclin  E  ranged  from  0.84% 
to  1.75%  and  CV  for  p53  ranged  from  0.59%  to  1.52%. 
Furthermore,  the  real-time  PCR  in  representative  specimens 
were  analyzed  in  a  separate  institution  (Development  Center 
for  Biotechnology,  DCB)  to  assess  the  reproducibility  of  the 
assay  for  DNA  integrity.  A  different  experimental  protocol  was 
used  for  real-time  PCR,  including  different  primers,  reagent 
composition,  reaction  programs,  and  instruments.  We  found 
that  the  CV  for  cyclin  E  was  within  3.19  ±  2.3%,  whereas  for 
Line-1  it  was  8.4  ±  4.8%. 

Discussion 

In  this  study,  we  show  that  the  measurement  of  quantity  and 
quality  of  a  specific  amplified  genomic  region  in  cell-free  DNA 
of  body  fluids  can  be  a  useful  approach  to  distinguish  a 
cancerous  specimen  from  a  benign  one.  We  showed  that  the 
copy  number  of  the  cyclin  E  genomic  fragments  and  its  DNA 


Table  3.  DNA  copy  number  (100  bp)  of  different 
loci  in  the  diagnosis  of  ovarian  cancer  effusions 


Locus 

AUC  (effusion  volume)* 

AUC  (Line-1)  + 

P 

Cyclin  E 

0.832 

0.847 

<0.0001 

fi-Actin 

0.816 

0.811 

<0.0001 

p53 

0.815 

0.807 

<0.0001 

2p 

0.693 

0.685 

<0.0001 

4p 

0.657 

0.703 

<0.0005 

*Normalized  to  plasma  volume, 
i  Normalized  to  Line-1  DNA  copy  number. 
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Table  4.  Results  of  the  DNA  copy  number  and  DNA  length  index  in  the  diagnosis  of  malignant  effusions 


PCR  product 

Cycle  threshold 

DNA  length  index 

AUC  (95°/o  Cl) 

P 

Cyclin  E  100 

31 

0.832  (0.762-0.889) 

<0.0001 

Cyclin  E  100* 

27.42 

<0.35 

0.879  (0.781-0.944) 

<0.0001 

Cyclin  E  400 

30.93 

0.896  (0.838-0.939) 

<0.0001 

Cyclin  E  400* 

30.705 

<0.90 

0.936  (0.868-0.975) 

<0.0001 

Cyclin  E  600 

31.865 

0.813  (0.741-0.872) 

<0.0001 

Cyclin  E  600* 

30.82 

<0.32 

0.914  (0.813-0.971) 

<0.0001 

Cyclin  E  800 

31.11 

0.825  (0.752-0.883) 

<0.0001 

Cyclin  E  800* 

31.11 

<0.75 

0.905  (0.812-0.962) 

<0.0001 

“"Combination  of  cyclin  E  copy  number  and  DNA  length  index. 


length  integrity  were  significantly  higher  in  effusion  samples  of 
ovarian  cancer  than  in  benign  effusions.  This  finding  suggests 
that  increased  DNA  levels  and  strand  length  (integrity)  of  a 
specific  amplified  genomic  locus  in  body  fluid  are  unique 
characteristics  of  tumor-released  DNA  besides  molecular 
genetic  changes  such  as  sequence  mutations,  microsatellite 
alterations,  and  allelic  imbalance.  Our  results  also  imply  that 
measurement  of  cyclin  E  DNA  fragments  using  real-time  PCR 
provides  a  simple  diagnostic  test  for  malignant  effusions. 

Effusions  in  the  abdominal  cavity  (ascites)  and  the  pleural 
compartment  are  associated  with  a  variety  of  clinical  con¬ 
ditions,  including  inflammatory  disorders,  infectious  diseases, 
cardiac,  liver,  and  renal  diseases,  as  well  as  malignant  neo¬ 
plasms  (22-24).  Cytologic  examination  is  routinely  done  to 
distinguish  malignant  from  benign  diseases.  Although  the 
sensitivity  and  specificity  of  cytology,  when  combined  with 
immunocytochemistry,  are  generally  high  in  the  diagnosis  of 
malignant  effusions,  they  can  be  variable  in  some  cases  (25). 
This  can  be  a  result  of  a  small  number  of  tumor  cells  in  some  of 
the  effusion  samples  or  the  presence  of  a  large  amount  of 
leukocytes,  mesothelial  cells,  and  blood  which  obscure  the 
detection  of  malignant  cells.  For  example,  inflammation,  which 
is  commonly  associated  with  a  malignant  effusion,  could  result 
in  reactive  changes  in  mesothelial  cells  that  make  their 
morphologic  distinction  from  carcinoma  cells  difficult.  Thus, 
the  cyclin  E  real-time  PCR  assay  described  here  may  provide  an 
adjunct  molecular  test  to  distinguish  malignant  from  benign 
effusions  and  could  have  potential  clinical  utility. 

We  first  compared  DNA  copy  number  of  cyclin  E  and  other 
nonamplified  chromosomal  loci  in  effusion  DNA  samples 
using  a  quantitative  real-time  PCR  assay  of  the  100  bp  products. 
We  showed  that  measurement  of  the  cyclin  E  DNA  copy 
number  has  the  best  performance  in  the  diagnosis  of  ovarian 
cancer  effusions.  Next,  we  focused  on  the  cyclin  E  locus  to 
improve  its  diagnostic  efficacy  by  testing  different  lengths  of 
PCR  products  and  by  combining  the  DNA  copy  number  and 
the  DNA  integrity  index  of  cyclin  E.  The  significant  correlation 
of  cyclin  E  copy  number  between  cell-free  DNA  from  effusion 
and  DNA  from  the  corresponding  tumor  cell  pellets  supports 
the  view  that  a  significant  amount  of  cell-free  DNA  in  body 
fluids  was  likely  derived  from  tumor  cells  (7,  8).  Results 
showing  that  measurement  of  the  cyclin  E  DNA  copy  number 
was  better  than  other  genomic  loci  that  are  rarely  amplified  in 
ovarian  cancer  suggests  that  the  amplified  genomic  region  was  a 
better  marker  for  cancer  diagnosis,  as  it  was  released  at  higher 
levels  from  tumor  cells  into  body  fluids  than  the  nonamplified 


chromosomal  regions.  Based  on  our  previous  report,  we  found 
that  increased  DNA  copy  number  in  the  cyclin  E  locus  was 
observed  in  43.3%  of  high-grade  ovarian  serous  carcinomas 
(36.1%  of  cases  showed  amplification  and  7.2%  showed  low 
copy  number  gain;  ref.  19).  Thus,  many  ovarian  serous 
carcinomas  we  analyzed  presumably  did  not  have  increased 
cyclin  E  DNA  copy  number  and  this  could  explain  a  mild 
increase  of  AUC  by  analyzing  cyclin  E  as  compared  with  the 
fi-actin  gene.  The  current  finding  was  also  consistent  with  our 
previous  report  showing  that  the  level  of  total  cell-free  DNA 
was  higher  in  malignant  effusions  than  in  benign  effusions; 
however,  the  performance  of  total  cell-free  DNA  concentration 
as  a  marker  was  not  satisfactory  as  a  sensitive  or  specific  stand¬ 
alone  assay  to  differentiate  malignant  from  benign  effusions 
(7).  The  selection  of  the  cyclin  E  locus  also  facilitated  a 
differential  diagnosis  in  malignant  effusions  which  resulted 
from  different  types  of  cancer  because  cyclin  E  was  more 
frequently  amplified  in  ovarian  cancer  than  in  other  types  of 


1 00-Specificity 


Fig.  1.  ROC  curve  comparison  in  the  diagnosis  of  ovarian  cancer  cases  versus 
benign  controls.  Using  cyclin  E  copy  number  and  strand  length  integrity  index 
(  ),  the  AUC  is  0.936;  cyclin  E  copy  number  only  AUC  is  0.896; 

and  DNA  strand  length  integrity  index  only  ),  AUC  is  0.698. 
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cancer  analyzed  in  this  study.  As  the  current  report  is  a  proof-of- 
concept  study,  future  efforts  are  required  to  extend  the  current 
findings  by  analyzing  an  array  of  amplified  loci  in  a  specific 
type  of  cancer  to  determine  if  such  approaches  have  value  in 
differential  diagnosis  among  cancer  types. 

In  this  study,  we  combined  the  cyclin  E  DNA  copy  number 
and  the  integrity  index  to  improve  performance  in  the  diagnosis 
of  ovarian  cancer  effusions.  This  is  based  on  the  hypothesis 
that  malignant  effusions  contain  longer  DNA  fragments  than 
benign  effusion  because  tumor  cell  necrosis  may  release  a 
spectrum  of  DNA  strand  lengths  including  the  longer  ones. 
Indeed,  the  AUC  in  differential  diagnosis  of  ovarian  versus 
benign  effusions  was  improved  to  0.936  by  combining  the 
cyclin  E  copy  number  (400  bp)  and  DNA  length  index  (Ct  of 
cyclin  E-p53,  400  -  100  bp;  Fig.  1).  The  use  of  the  longer  cyclin 
E  PCR  products  such  as  600  and  800  bp  might  be  seemingly 
more  specific  to  differentiate  cancer  cases  versus  benign 
controls  (Table  2).  However,  the  longer  the  DNA  strands,  the 
lower  their  abundance  in  effusion  supernatants  because  of 
DNA  fragmentation,  which  may  decrease  the  overall  assay 
sensitivity. 

In  summary,  malignant  effusions  of  ovarian  cancer  contained 
a  much  higher  copy  number  of  longer  cyclin  E  DNA  fragments 
than  benign  effusions.  There  are  several  molecular  approaches 


that  were  previously  reported  to  be  useful  in  the  diagnosis  of 
malignant  effusions  and  they  included  fluorescence  in  situ 
hybridization  to  detect  aneuploidy  cells,  reverse  transcription- 
PCR  to  detect  mammaglobin  expression  (26),  and  digital  PCR 
to  detect  allelic  imbalance  (7).  Compared  with  other  molecular 
techniques,  the  method  described  here  would  likely  provide  a 
simple  assay  system  that  would  facilitate  the  differential 
diagnosis  of  malignant  effusion  besides  conventional  cytology. 
In  order  for  this  new  assay  to  have  clinical  utility,  several  issues 
should  be  addressed.  Although  the  sensitivity  and  specificity 
of  the  assay  in  diagnosing  ovarian  cancer  effusion  seemed 
satisfactory,  higher  sensitivity  and  specificity  would  be  desir¬ 
able.  Sensitivity  and  specificity  could  be  improved  by  combin¬ 
ing  the  measurement  of  cyclin  E  DNA  fragments  with  other 
amplified  genomic  loci,  secretory  tumor-associated  markers 
(27-29),  and  other  molecular  assays  (26).  It  seems  necessary  to 
compare  the  performance  of  the  cyclin  E  real-time  PCR  assay 
and  routine  cytology  by  prospectively  testing  a  large  number  of 
cytology-negative  but  clinically  positive  samples.  It  is  also 
important  to  address  how  age,  menopausal  status,  histologic 
grade,  and  other  clinical  variables  affect  cyclin  E  copy  number 
and  length  integrity  in  effusions.  Lastly,  the  potential  use  of 
cyclin  E  copy  number  and  strand  length  in  other  body  fluids 
such  as  plasma  should  be  investigated. 
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Ovarian  serous  carcinoma  is  the  most  common  and  lethal  type  of 
ovarian  cancer  and  its  molecular  etiology  remains  poorly  under¬ 
stood.  As  an  ongoing  effort  to  elucidate  the  pathogenesis  of  ovar¬ 
ian  serous  carcinomas,  we  assessed  the  DNA  copy  number  changes 
in  33  high-grade  serous  carcinomas  and  10  low-grade  serous 
tumors  by  using  a  genome-wide  technique,  single  nucleotide  poly¬ 
morphism  array,  performed  on  affinity-purified  tumor  cells  from 
fresh  surgical  specimens.  Compared  to  low-grade  tumors,  high- 
grade  serous  carcinomas  showed  widespread  DNA  copy  number 
changes.  The  most  frequent  alterations  were  in  loci  harboring  can¬ 
didate  oncogenes:  cyclin  El  (CCNE1),  AKT2,  Notch3  and  PIK3CA 
as  well  as  in  novel  loci,  including  12pl3,  8q24,  12pl3  and  12ql5. 
Seven  amplicons  were  selected  for  dual  color  fluorescence  in  situ 
hybridization  analysis  in  ~90  high-grade  serous  carcinomas  and 
26  low-grade  serous  tumors,  and  a  high  level  of  DNA  copy  number 
gain  (amplification)  was  found  in  CCNE1,  Notch3,  HBXAP/Rsf-1 , 
AKT2,  PIK3CA  and  chrl2pl3  occurring  in  36.1%,  7.8%,  15.7%, 
13.6%,  10.8%  and  7.3%  of  high-grade  serous  carcinomas.  In  con¬ 
trast,  we  did  not  observe  high  level  of  ERBB2  amplification  in  any 
of  the  samples.  Low-grade  tumors  did  not  show  DNA  copy  num¬ 
ber  gain  in  any  of  the  loci,  except  in  2  (8%)  of  24  low-grade 
tumors  showing  low  copy  number  gain  in  the  Notch3  locus.  Taken 
together,  our  results  provide  the  first  comprehensive  analysis  of 
DNA  copy  number  changes  in  highly  pure  ovarian  serous  carci¬ 
noma.  These  findings  may  have  important  biological  and  clinical 
implications. 

©  2007  Wiley-Liss,  Inc. 

Key  words:  oncogene;  amplification;  ovarian  cancer;  karyotyping; 
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DNA  copy  number  alterations,  including  amplification,  deletion 
and  aneuploidy  in  chromosomes,  are  the  hallmarks  of  neoplasia.1 
Amplification  of  chromosomal  regions  plays  a  critical  role  in  tu¬ 
mor  development.  Increase  in  copy  number  of  oncogenes  pro¬ 
motes  initiation  and  progression  of  a  variety  of  solid  tumors,  while 
amplification  of  genes  that  modify  or  detoxify  chemotherapeutic 
drugs  can  cause  drug  resistance  and  is  associated  with  tumor  re¬ 
currence.2'3  Well-known  amplified  oncogenes  include  c-myc, 
ERBB2,  EGFR,  AKT2,  CCND1  and  cyclin  El  (CCNE1).4  Studies 
on  these  genes  not  only  have  provided  new  insights  on  how  cancer 
develops  but  also  have  significant  translational  implications.  For 
example,  ERBB2  and  EGFR  are  the  molecular  targets  for  the 
humanized  antibodies  Trastuzumab  (Herceptin)  and  Matuzumab 
respectively,  which  are  used  in  the  treatment  of  breast  and  lung  can¬ 
cer.  The  completion  of  the  human  genome  database  has  acceler¬ 
ated  cancer  genome  study,  as  it  provides  precise  and  detailed 
maps  to  facilitate  localization  of  genes  potentially  important  in 
cancer.  Several  genome-wide  technologies,  including  digital  kar¬ 
yotyping,  array  comparative  genomic  hybridization  (CGH). 
ROMA  and  single  nucleotide  polymorphism  (SNP)  array,  have 
recently  been  developed  and  applied  to  explore  the  molecular 
genetic  landscape  of  cancer  in  the  postgenomic  era.5 

Epithelial  ovarian  cancer  is  the  most  lethal  gynecologic  neo¬ 
plastic  disease  and  one  of  the  leading  causes  of  cancer  mortality  in 
women.  It  comprises  a  diverse  group  of  tumors,  and  among  them, 
serous  carcinoma  is  the  most  common  and  the  most  lethal  type. 
Among  serous  neoplasms,  70%  are  high-grade  and  30%  are  low 
grade  tumors  (including  invasive  low-grade  carcinoma  and  its  pre¬ 


cursor  lesion,  serous  borderline  tumor).  Despite  consider¬ 
able  efforts  aimed  at  elucidating  the  molecular  etiology  of  ovar¬ 
ian  serous  carcinoma,  its  pathogenesis  is  still  largely  unknown. 
Although  many  genes  have  been  previously  reported  to  be  ampli¬ 
fied  and  deleted  in  ovarian  cancer, 6-1 3  the  overall  profile  of  DNA 
copy  number  alterations  in  high-grade  serous  carcinomas  has  not 
been  well  described.  One  of  the  reasons  is  that  most  previous  stud¬ 
ies  have  combined  different  histological  types  of  ovarian  cancer, 
and  therefore  the  specific  alterations  in  the  different  histological 
types  of  ovarian  serous  carcinoma  are  not  known.  Furthermore,  in 
most  studies  the  tumor  samples  were  not  enriched  by  microdissec¬ 
tion  or  affinity  purification,  which  could  also  have  obfuscated  the 
interpretation  of  the  results.  Therefore,  in  this  study,  we  analyzed 
a  total  of  43  affinity-purified  ovarian  serous  tumors  by  using  10K 
SNP  array  to  identify  the  chromosomal  regions  that  show  the  most 
frequent  DNA  copy  number  changes.  SNP  array  was  used  because 
it  has  been  recently  demonstrated  to  be  feasible  and  robust  and, 
most  important,  this  technology  provides  high  resolution  which 
facilitates  detection  of  DNA  copy  number  changes. 14-16  In  this 
study,  we  focused  on  amplified  regions  because  it  appeared  more 
feasible  to  validate  amplicons  rather  than  deletions  in  regions  in 
which  the  DNA  copy  number  changes  were  usually  subtle  (from  2 
to  1  or  0  copy).  Our  results  demonstrate  that  CCNE1,  Notch3, 
HBXAPIRsf-1 ,  AKT2  and  PIK3CA  are  among  the  most  frequently 
amplified  loci  in  high-grade  serous  carcinomas.  In  addition,  novel 
amplifications  and  subchromosomal  deletions  were  also  detected 
by  the  SNP  array  analysis. 

Material  and  methods 

Tumor  specimens 

For  SNP  arrays,  tissue  samples  from  33  high-grade  ovarian  se¬ 
rous  carcinomas  and  10  low-grade  ovarian  serous  tumors  (8  serous 
borderline  tumors  and  2  low-grade  serous  carcinomas)  were 
freshly  collected  from  the  Department  of  Pathology  at  the  Johns 
Hopkins  Hospital  from  2003  to  2006.  The  33  high-grade  serous 
carcinomas  were  all  Stage  III  or  IV  and  5  of  them  were  recurrent 
tumors.  In  addition,  15  normal  ovaries  served  as  controls.  Tumor 
cells  were  affinity  purified  by  anti-EPCAM-conjugated  beads  as 
previously  described.513  The  acquisition  of  the  anonymous  tissue 
specimens  for  this  study  was  approved  by  the  Johns  Hopkins  Insti¬ 
tutional  Review  Board. 

Single  nucleotide  polymorphism  array 

SNPs  were  genotyped  using  10K  arrays  (Affymetrix,  Santa 
Clara,  CA)  in  the  Microarray  Core  Facility  at  the  Dana-Farber 
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TABLE  I  -  BAC  CLONES  USED  FOR  FISH  STUDY 


Gene  name 

BAC  clone  name 

Location 

PIK3CA 

RPl  1-245C23  and  RP11  -355N16 

3q26.32 

Rsf-1  (HBXAP) 

RP11-45G10  andRPll-1107112 

1  lql4.1 

Chrl2p 

RPl  1-62E21  and  RPl  1-35017 

12ql3.32 

ERBB2 

RP11-94L15  and  CTD-20 1900 

17ql2 

Notch3 

RPl  1-937H1  and  RPl  1-319010 

1 9pl  3. 1 2 

Cyclin  El 

RPl  1-345J21  and  CTD-3005A16 

19ql2 

AKT2 

RPl  1-639F21  and  CTC-425023 

12ql3.2 

Control 

RP 1 1  - 1 27K 1 8  and  RP 1 1 -629A22 

2ql  1.2 

Cancer  Institute  (Boston,  MA).  A  detailed  protocol  is  available  at 
the  Core  center  webpage  (http://chip.dfci.harvard.edu/lab/serv- 
ices.php).  Briefly,  genomic  DNA  was  cleaved  with  the  restriction 
enzyme  Xbal  and  ligated  with  linkers,  followed  by  PCR  amplifica¬ 
tion.  The  PCR  products  were  purified  and  then  digested  with 
DNasel  to  a  size  ranging  from  250-2,000  bp.  Fragmented  PCR 
products  were  then  labeled  with  biotin  and  hybridized  to  the  array. 
Arrays  were  then  washed  on  the  Affymetrix  fluidics  stations.  The 
bound  DNA  was  then  fluorescently  labeled  using  streptavidin- 
phycoerythrin  conjugates  and  scanned  using  the  Gene  Chip  Scan¬ 
ner  3000. 

dChip  software  (version  1.3)  was  used  to  analyze  the  SNP  array 
data  as  described  previously.7,8  Data  were  normalized  to  a  base¬ 
line  array  with  median  signal  intensity  at  the  probe  intensity  level 
using  the  invariant  set  normalization  method.  A  model-based 
(PM/MM)  method  was  employed  to  obtain  the  signal  values  for 
each  SNP  in  each  array.  Signal  values  for  each  SNP  were  com¬ 
pared  with  the  average  intensities  from  15  normal  samples.  To 
infer  the  DNA  copy  number  from  the  raw  signal  data,  we  used  the 
Hidden  Markov  Model,7  based  on  the  assumption  of  diploidy  for 
normal  samples.  Mapping  information  of  SNP  locations  and  cyto¬ 
genetic  band  were  based  on  curation  of  Affymetrix  and  University 
of  California  Santa  Cruz  hgl5.  A  cutoff  of  >3.5  copies  in  more 
than  3  consecutive  SNPs  was  defined  as  amplification. 

Fluorescence  in  situ  hybridization 

BAC  clones  were  purchased  from  Bacpac  Resources  (Child¬ 
ren’s  Hospital,  Oakland,  CA)  or  Invitrogen  (Carlsbad,  CA).  The 
BAC  clones  used  in  this  study  are  summarized  in  Table  1.  Bac 
clones  (RP1 1-127K18  and  RP11-629A22),  located  at  Chr2qll.2, 
were  used  to  generate  the  reference  probes.  The  method  for  fluo¬ 
rescence  in  situ  hybridization  (FISH)  has  been  detailed  in  previous 
reports.3  The  hybridization  signals  were  counted  by  2  individuals. 
The  signal  ratio  of  experimental  probe/reference  probe  greater 
than  2  is  considered  as  gain,  and  the  signal  ratio  of  experimental 
probe/reference  probe  greater  than  3  is  considered  as  high-fold 
amplification. 

Results 

Wide  spread  DNA  copy  number  changes  in  high-grade 
serous  carcinomas 

The  results  of  DNA  copy  number  changes  in  all  tumor  speci¬ 
mens  are  shown  in  Figure  1.  Compared  to  low-grade  serous  tumors 
(serous  borderline  tumors  and  invasive  low-grade  micropapillary 
serous  carcinomas),  the  high-grade  serous  carcinomas  demon¬ 
strated  DNA  copy  number  alterations  in  the  majority  of  chromo¬ 
somes.  The  number  and  amplitude  of  changes  were  much  higher  in 
high-grade  than  in  low-grade  serous  tumors.  The  DNA  copy  num¬ 
ber  alterations  in  high-grade  serous  carcinomas  involved  gain  or 
loss  of  discrete  subchromosomal  regions,  chromosomal  arms  and 
whole  chromosomes.  In  contrast,  the  low-grade  tumors  were  char¬ 
acterized  by  a  relatively  “flat”  chromosomal  landscape  with  only 
a  few  chromosomal  losses  and  low  copy  number  gains.  On  the  ba¬ 
sin  SNP  array  analysis,  the  regions  with  high  prevalence  of  copy 
number  gain  (>3.5  copies)  in  high-grade  serous  carcinomas 
included  regions  that  contain  known  putative  oncogenes  CCNE1  at 
chrl9ql3.f  (33.3%),  AKT2  at  chrl9ql3.2  (27.3%),  Notch!  at 


chrl9pl3.12  (21.2%)  and  PIK3CA  at  chr3q26.32  (9.1%),  and 
novel  amplicons  12pl3,  8q24,  12p  1 3  and  12ql5.  Interestingly,  the 
HBXAP/Rsf-1  region  at  chrl  lql3.5,  which  was  previously  reported 
to  be  amplified  in  ovarian  serous  carcinomas,  was  found  rarely 
amplified  in  this  study,  as  HBXAPIRsf-1  amplification  was  only 
identified  in  1  of  33  in  this  series  of  tumor  samples.  This  is  likely 
due  to  the  relatively  smaller  sample  size  in  the  SNP  array  analysis, 
since  FISH  analysis  in  a  larger  number  of  specimens  in  the  current 
study  demonstrated  an  amplification  frequency  of  15.7%,  close  to 
previous  reports. 10,1 1  Another  well-known  amplified  oncogene  in 
breast  carcinoma,  ERBB2,  which  is  located  at  chrl7ql2,  was  not 
found  to  be  amplified  at  high  levels  in  any  of  the  high-grade  serous 
carcinomas  and  low-grade  serous  tumors. 

In  addition  to  the  genomic  amplification,  there  were  many  chro¬ 
mosomal  regions  demonstrating  decrease  in  DNA  copy  number  in 
small  discrete  regions  or  the  whole  arm,  notably  in  chr8p,  chrl6, 
chrl7p  and  chrX. 

Dual-color  FISH  analysis  ofCCNEl,Notch3,  HBXAP/Rsf-1, 

AKT2  and  PIK3CA  amplification  in  high-grade  serous 
carcinomas 

To  independently  validate  the  results  of  SNP  arrays,  we  per¬ 
formed  FISH  on  98  paraffin-embedded  high-grade  ovarian  tumors 
and  26  low-grade  serous  tumors.  FISH  was  used  because  the 
method  allowed  a  direct  count  of  the  DNA  copy  number  in  tumor 
cells.  FISH  probes  were  designed  to  hybridize  CCNE1 ,  Notch3, 
AKT2,  HBXAP/Rsf-1  and  PI3KCA  loci  (Fig.  3).  In  addition,  the 
frequency  of  ERBB2  amplification  in  serous  carcinoma  was  also 
determined.  Chrl2pl3  was  also  analyzed  because  it  was  the  most 
common  amplicon  in  which  the  amplified  oncogene(s)  was 
unknown.  In  this  study,  we  used  the  chr2qll.2  as  the  reference 
locus  for  FISH  because  the  DNA  copy  number  in  this  specific 
chromosomal  region  was  relatively  constant  among  the  tumors 
(Fig.  2)  that  facilitated  the  quantification  of  the  DNA  copy  number 
in  the  targeted  loci.  Using  this  approach,  we  demonstrated  that 
CCNE1  was  amplified  at  a  high  amplitude  (>3-fold  in  ratio  of  ex¬ 
perimental  probe  versus  reference  probe)  in  36.1%,  Notch3  in 
7.8%,  AKT2  in  13.6%,  HBXAP/Rsf-1  in  15.7%,  PIK3CA  in  10.8% 
and  chrl2pl3  in  7.3%  of  high-grade  carcinomas  (Table  II).  Ampli¬ 
fication  in  at  least  one  of  the  aforementioned  genes  was  found  in 
64%  of  cases.  An  increased  DNA  copy  number  was  not  observed 
for  any  loci  in  low-grade  tumors  except  2  cases  showing  Notch3 
low  copy  number  gain  (<3  copy  ratio).  Interestingly,  consistent 
with  the  above  SNP  array  analysis,  this  large-scale  FISH  analysis 
did  not  detect  high  levels  of  ERBB2  amplification  in  any  high- 
grade  or  low-grade  serous  tumors. 

To  determine  whether  the  amplifications  of  CCNE1,  AKT2, 
Notch3,  HBXAP/Rsf-1,  PIK3CA  and  chrl2pl3  loci  were  inde¬ 
pendent  or  related  to  each  other,  we  performed  Fisher's  exact  test 
to  determine  the  significance  of  correlation.  The  results  in  Table 
III  demonstrated  that  CCNE1  amplification  was  significantly  cor¬ 
related  with  AKT2  amplification  (p  =  0.014),  Notch3  amplification 
(p  =  0.042)  and  chrl2pl3  amplification  (p  =  0.022).  In  addition, 
there  was  a  marginal  correlation  between  AKT2  and  chrl2pl3 
amplifications  (p  =  0.049). 


Discussion 

Serous  ovarian  carcinoma  represents  ~60%  of  ovarian  epithe¬ 
lial  carcinomas.  It  is  one  of  the  most  lethal  malignancies  in 
women,  with  a  5-year  survival  rate  less  than  30%.  This  dismal  out¬ 
come  is  in  part  due  to  the  lack  of  known  molecular  genetic 
markers  that  can  be  potentially  targeted  for  therapy.  The  most 
common  genetic  alteration  known  to  date  in  high-grade  serous 
carcinoma  is  p53  mutation,  which  occurs  in  >50%  of  tumors17,18 
(Salani,  unpublished  results).  In  this  study,  we  explored  the  DNA 
copy  number  alterations  in  ovarian  serous  carcinoma  and  identi¬ 
fied  the  gene  amplification  profiles  and  subchromosomal  deletions 
in  ovarian  serous  tumors. 
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Figure  2  -  Summary  of  fluorescence  in  situ  hybridization  (FISH) 
results  of  chromosomal  regions  harboring  CCNE1,  AKT2,  Notch3,  Rsf- 
1,  PIK3CA,  ERBB2  and  a  locus  at  chrl2pl3.  A  total  of  98  high-grade  se¬ 
rous  carcinomas  (case  numbers  shown  in  the  left  column)  were  evaluated 
using  two-color  FISH.  Red  boxes:  amplification  >3  folds  (ratio  of  target 
gene  signals  versus  reference  gene  signals  greater  than  3);  pink  boxes: 
DNA  copy  number  increase  between  2  and  3  folds;  green  boxes:  normal 
(DNA  copy  ratio  <2  fold);  empty  boxes:  noninformative  cases  because 
either  tumor  cells  are  not  available  or  FISH  signal  is  not  detectable  in  tis¬ 
sue  sections.  Chr2qll.2  was  used  as  the  reference  locus  for  FISH  because 
the  DNA  copy  number  in  this  specific  chromosomal  region  was  relatively 
constant  among  the  tumors. 


Figure  1  -  Genome-wide  distribution  of  DNA  copy  number  changes 
in  low-grade  and  high-grade  ovarian  serous  carcinomas.  Each  column 
represents  an  individual  tumor  sample.  DNA  copy  number  changes  are 
represented  as  pseudocolor  gradients  con'esponding  to  the  folds  of 
increase  (red  boxes)  and  decrease  (blue  boxes),  as  compared  to  pooled 
normal  samples.  Compared  to  low-grade  tumors,  high-grade  carcinomas 
demonstrate  diffuse  and  sometimes,  discrete  DNA  copy  number  gain 
(red  boxes)  and  loss  (blue  boxes)  in  many  of  the  chromosomes.  Chromo¬ 
somal  numbers  are  shown  in  left  column. 


Compared  to  previous  studies  using  conventional  and  array 
CGH, 11-23  the  current  study  utilized  4  distinctly  new  approaches 
in  the  analysis  of  DNA  copy  number  changes  in  ovarian  cancer. 
First,  we  analyzed  only  serous  carcinoma  and  did  so  in  a  relatively 
large  number  of  cases.  Indeed,  the  current  analysis  is  to  the  best  of 
our  knowledge  the  largest  study  of  DNA  copy  number  alterations 
in  ovarian  serous  carcinomas.  Second,  we  used  affinity-purified  tu¬ 
mor  cells  directly  isolated  from  surgical  specimens  for  SNP 
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TABLE  II  -  SUMMARY  OF  FISH  RESULTS  FOR  OVARIAN  SEROUS  TUMORS 


Cyclin  El 

Notch3 

AKT2 

Rsf-l 

PIK3CA 

Chrl2pl3 

ERBB2 

HG 

Normal 

41  (56.6) 

57  (63.3) 

70  (79.5) 

73  (82.1) 

56  (75.7) 

74  (90.2) 

79(100) 

Gain 

6 (7.2) 

26  (28.9) 

6(6.8) 

2  (2.2) 

10(13.5) 

2  (2.4) 

0(0) 

Amp 

30(36.1) 

7  (7.8) 

12(13.6) 

14(15.7) 

8(10.8) 

6(7.3) 

0(0) 

Total 

83 

90 

88 

89 

74 

79 

82 

LG 

Normal 

26(100) 

22  (91.7) 

24(100) 

25  (100) 

20(100) 

23  (100) 

24(100) 

Gain 

0 

2(8.3) 

0 

0 

0 

0 

0 

Amp 

0 

0 

0 

0 

0 

0 

0 

Total 

26 

24 

24 

25 

20 

23 

24 

Amp,  amplification.  Values  in  parantheses  indicate  percentage  of  cases. 


TABLE  III  -  CORRELATION  OF  DIFFERENT  AMPLICONS  IN  OVARIAN 
HIGH-GRADE  SEROUS  CARCINOMAS 


Cyclin  E 

Notch  3 

AKT2 

Rsf-1 

PI3KCA 

Chrl2pl3 

Cyclin  E 

0.042 

0.014 

0.386 

0.586 

0.022 

Notch  3 

0.042 

0.415 

1.000 

1.000 

0.052 

AKT2 

0.014 

0.415 

lar-waa i 

0.741 

0.335 

0.049 

Rtf-1 

0.386 

1.000 

0.741 

ibbmm 

0.502 

0.653 

P13KCA 

0.586 

1.000 

0.335 

0.502 

li-L.  -  'll 

0.291 

Chrl2pl3 

0.022 

0.052 

0.049 

0.653 

0.291 

The  number  in  each  box  indicates  the  p-value  based  on  the  Fisher 
exact  test. 


AKT2  .  I  Cyclin  El  I  Notch3 


Figure  3  -  Examples  of  two-color  FISH  for  amplification  in 
AKT2,  Cyclin  El  and  Notch3  loci.  The  numbers  of  red  signals  that 
represent  the  target  gene  in  each  case  are  more  than  those  of  the  green 
signals  (control  probes).  The  nuclei  are  counterstained  with  DAPI 
(blue). 


arrays.  We  believe  that  this  approach  will  allow  us  to  accurately 
measure  the  DNA  copy  number  changes.  Third,  we  analyzed 
high-grade  (conventional)  serous  carcinomas  and  low-grade  se¬ 
rous  tumors  separately,  providing  a  new  dimension  to  the  molecu¬ 
lar  signatures  of  ovarian  serous  carcinoma.  Fourth,  in  addition  to 
SNP  array  analysis,  we  performed  FISH  on  an  independent  set  of 
tumor  tissues.  Our  FISH  results  further  validated  the  amplicon 
profiles  based  on  SNP  array  analysis. 

Using  these  approaches,  we  were  able  to  characterize  detailed 
amplicon  profiles  of  ovarian  serous  carcinomas.  It  has  been  pro¬ 
posed  that  both  high-grade  and  low-grade  ovarian  serous  tumors 
develop  along  distinct  molecular  pathways.24’25  Our  results  show¬ 
ing  marked  DNA  copy  number  alterations  in  high-grade  carci¬ 
noma  when  compared  to  low-grade  tumors  are  consistent  with  the 
conclusion  based  on  previous  works  using  the  CGH  approach.23,26 
The  widespread  changes  in  DNA  copy  number  in  high-grade  car¬ 
cinoma  suggest  a  high  level  of  chromosomal  instability  in  this 
type  of  tumor,  while  low-grade  tumor  is  relatively  stable.  Previous 
studies  have  shown  that  low-grade  tumors  rarely  harbor  p53  muta¬ 
tion  but  have  frequent  ERBB2/KRAS/BRAF  mutations.13'27  In 
contrast,  high-grade  carcinomas  are  characterized  by  frequent  p53 
mutations  but  only  rarely  harbor  ERBB2/KRAS/BRAF  mutations. 
These  results,  together  with  the  current  findings,  suggest  signifi¬ 
cant  different  genetic/genomic  profiles  for  these  2  types  of  serous 
ovarian  serous  carcinoma  and  further  support  the  dualistic  model 
of  ovarian  serous  tumorigenesis. 


Of  the  different  amplified  chromosomal  regions  in  high-grade 
serous  carcinomas,  the  most  frequently  amplified  chromosomal 
loci  were  CCNE1,  Notch3 ,  HBXAP/Rsf-1 ,  AKT2  and  PIK3CA.  We 
did  not  observe  amplification  of  the  ERBB2  locus  or  detect  an 
increase  in  its  DNA  copy  number  by  both  SNP  array  and  FISH 
analyses.  The  only  sample  in  which  we  ever  have  ERBB2  amplifi¬ 
cation  is  the  SKOV3  cell  line  based  on  digital  karyotyping  analy¬ 
sis.5  Our  results  suggest  that  ERBB2  amplification  is  probably  a 
rare  event  in  high-grade  ovarian  serous  carcinoma.  CCNE1  is  the 
most  commonly  amplified  gene  in  high-grade  ovarian  serous  car¬ 
cinomas  based  on  both  SNP  array  and  FISH  analyses.  Amplifica¬ 
tion  of  CCNE1  has  been  reported  in  several  human  cancers, 
including  ovarian  carcinoma.28,29  Furthermore,  CCNE1  expres¬ 
sion  is  correlated  with  tumor  progression  and  predicts  a  poor  out¬ 
come  in  patients  with  ovarian  carcinoma.6,30  Notch3  amplicon  has 
been  recently  reported  in  ovarian  serous  carcinomas  based  on  fine 
mapping  of  the  chrl9pl3.12  amplicon  from  high-grade  serous  car¬ 
cinomas  using  a  part  of  the  SNP  array  results  reported  here.16 
HBXAP/Rsf-1  functions  as  a  chromatin  remodeling  protein  by 
partnering  with  hNSF2H.  The  resulting  complex  plays  an  impor¬ 
tant  role  in  a  variety  of  cellular  functions.  HBXAP/Rsf-1  gene  has 
been  identified  as  an  amplified  gene  in  ovarian  cancer  by  digital 
karyotyping,10  and  its  amplification  was  found  to  be  associated 
with  a  shorter  overall  survival  in  patients  with  high-grade  ovarian 
serous  carcinoma.  The  PIK3CA-AKT2  signaling  pathway  regu¬ 
lates  diverse  cellular  functions  in  response  to  extracellular  milieu. 
Increased  gene  copy  number  of  both  genes  has  been  found  in  lung, 
pancreatic,  ovarian,  cervical,  head  and  neck  carcinomas.  Activa¬ 
tion  of  the  PIK3CA-AKT2  pathway  either  by  gene  amplification 
or  by  activating  somatic  point  mutations  has  been  implied  to  con¬ 
tribute  to  tumor  development.  Amplification  of  these  genes  may 
have  biological  and  clinical  significance.  For  example,  expression 
of  AKT2  and  PIK3CA  genes  is  required  for  cell  growth  and  sur¬ 
vival  in  cancer  cells  that  amplify  or  overexpress  AKT2  and 
PIK3CA  genes.31,32  These  amplified  genes  may  serve  as  the  mole¬ 
cule  targets  for  future  therapeutic  strategies  in  ovarian  cancer. 

SNP  array  analysis  provides  a  whole-genome  view  of  DNA 
copy  number  alterations  in  tumor  specimen.  Among  the  loci  that 
we  identified  using  both  SNP  array  and  FISH  analyses,  CCNE1, 
PIK3CA  and  chrl2pl3  showed  closer  call  of  amplification,  while 
NOTCH3  and  AKT2  had  a  wider  deviation  of  amplification  fre¬ 
quency  between  these  2  different  techniques.  Several  factors  could 
attribute  to  this  discrepancy,  including  sampling  differences 
between  the  2  different  analyses,  different  normalization  methods 
used  by  each  method,  relatively  subjective  call  in  FISH  analysis 
etc:,  thus  it  is  advisable  to  validate  DNA  copy  number  alteration 
results  by  at  least  2  independent  methods. 

Some  genes  were  found  to  be  coamplified  in  the  same  tumor. 
For  example,  CCNE1  frequently  coamplifies  with  AKT2,  Notch3 
and  chrl2pl3.  Coamplification  of  CCNE1  and  AKT2  probably 
occurs  because  both  genes  are  located  in  the  same  chrl9q  arm 
which  is  amplified.  Likewise,  coamplification  of  CCNE1  and 
chrl2pl3  may  be  due  to  an  unbalanced  translocation  followed  by 
an  amplification  event.  Alternatively,  coamplification  can  be  due 
to  tumor  evolution  by  selecting  for  clones  with  coamplification  of 
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the  genes  that  provide  the  cells  with  growth  advantages.  Whether 
these  genes  cooperate  molecularly  to  propel  tumorigenesis  in 
ovarian  cancer  remains  to  be  investigated.  Besides  the  known  can¬ 
didate  oncogenes,  we  also  identified  several  chromosomal  regions 
that  are  frequently  amplified  in  ovarian  cancer  but  do  not  harbor 
any  known  (potential)  oncogenes.  For  example,  chrl2pl3  was 
found  to  be  amplified  in  7.3%  of  high-grade  serous  tumors.  Future 
studies  are  required  to  identify  the  novel  gene(s)  within  a  new 
amplicon.  However,  it  is  important  to  note  that  DNA  copy  number 
alteration  does  not  necessarily  indicate  that  the  amplification  plays 
a  causal  role  in  tumor  development. 
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In  conclusion,  our  SNP  array  and  FISH  analyses  have  shown 
what  the  prevalence  of  specific  amplicons  is  in  ovarian  serous  car¬ 
cinomas.  Our  findings  suggest  that  CCNE1,  Notch3,  AKT2, 
HBXAP/Rsf-1  and  PIK3CA  are  frequently  amplified  potential 
oncogenes  in  high-grade  serous  carcinomas.  In  contrast  to  high- 
grade  carcinoma,  low-grade  serous  tumors  did  not  show  high  copy 
number  gain,  a  finding  that  supports  the  view  that  high-grade  se¬ 
rous  carcinoma  is  characterized  by  pronounced  chromosomal 
instability.  These  results  shed  light  on  the  molecular  features  of 
ovarian  carcinoma  and  provide  candidates  for  molecular  targeting 
in  the  treatment  of  ovarian  cancer. 
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Abstract 

The  Notch  signaling  pathway  represents  a  critical  component  in 
the  molecular  circuits  that  control  cell  fate  during  develop¬ 
ment.  Aberrant  activation  of  this  pathway  contributes  to 
tumorigenesis.  The  role  of  Notch  in  human  cancer  has  been 
highlighted  recently  by  the  presence  of  activating  mutations 
and  amplification  of  Notch  genes  in  human  cancer  and  by  the 
demonstration  that  genes  in  the  Notch  signaling  pathway  could 
be  potential  therapeutic  targets.  It  has  become  clear  that  one  of 
the  major  therapeutic  targets  in  the  Notch  pathway  are  the 
Notch  receptors,  in  which  y-secretase  inhibitors  prevent  the 
generation  of  the  oncogenic  (intracellular)  domain  of  Notch 
molecules  and  suppress  the  Notch  activity.  This  review  article 
summarizes  the  biological  roles  of  Notch  molecules  in  cancer 
development  with  special  emphasis  on  the  promise  and 
challenges  in  applying  y-secretase  inhibitors  as  a  new  line  of 
targeted  therapeutic  agents.  [Cancer  Res  2007;67(5):1879-82] 

Background 

The  Notch  signaling  pathway  is  evolutionarily  conserved  and  the 
basic  molecular  players  in  this  pathway  are  ligands  (Delta  and 
Jagged),  Notch  receptors,  and  the  transcription  factors  (reviewed  in 
ref.  1).  Notch  is  a  transmembrane  heterodimeric  receptor  and  there 
are  four  distinct  members  (Notchl  to  Notch4)  in  humans  and 
rodents.  In  a  physiologic  condition,  binding  of  the  Notch  ligand  to 
its  receptor  initiates  Notch  signaling  by  releasing  the  intracellular 
domain  of  the  Notch  receptor  (Notch-IC)  through  a  cascade  of 
proteolytic  cleavages  by  both  a-secrelase  (also  called  tumor 
necrosis  factor-a-converting  enzyme)  and  y-secretase  (Fig.  1/1 ). 
The  released  intracellular  Notch-IC  then  translocates  into  the 
nucleus  where  it  modulates  gene  expression  primarily  by  binding 
to  a  ubiquitous  transcription  factor,  CBF1,  suppressor  of  hairless, 
Lag-1  (CSL).  This  binding  recruits  transcription  activators  to  the 
CSL  complex  and  converts  it  from  a  transcriptional  repressor  into 
an  activator,  which  turns  on  several  downstream  effectors.  The 
physiologic  functions  of  Notch  signaling  are  multifaceted,  including 
maintenance  of  stem  cells,  specification  of  cell  fate,  and  regulation 
of  differentiation  in  development  as  well  as  in  oncogenesis  (2,  3). 

In  cancers,  molecular  genetic  alterations,  such  as  chromosomal 
translocation,  point  mutations,  and  chromosomal  amplification  at 
the  Notch  receptor  loci,  are  the  known  mechanisms  for  constitutive 
activation  of  Notch  pathway.  Despite  the  different  mechanisms, 
they  all  result  in  increased  levels  of  intracellular  Notch-IC.  The 
oncogenic  potential  of  Notch  was  first  discovered  in  human  T-cell 
acute  lymphoblastic  leukemia  (T-ALL).  While  Notchl  signaling  is 
essential  for  normal  development  of  T-cell  progenitors  (4), 
constitutive  activation  of  Notchl  signaling  due  to  molecular 
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genetic  alterations  is  associated  with  T-ALL.  For  example, 
interstitial  deletions  of  the  extracellular  portion  of  human  Notchl 
due  to  (7;9)  chromosomal  translocation  are  associated  with  ~  10% 
of  T-ALL  cases  and  activating  point  mutations  of  Notchl  are 
present  in  ~  50%  of  T-ALL  cases  (5,  6).  Constitutive  activation  of 
nuclear  factor-hB  and  formation  of  T-cell  leukemia/lymphoma 
were  observed  in  a  Notch-IC  transgenic  mouse  model  (7),  which 
indicates  a  causal  role  of  Notch  activation  in  T-ALL  development. 
In  non-small  cell  lung  cancer,  chromosomal  translocation  (15;19) 
has  been  identified  in  a  subset  of  tumors,  and  the  translocation  is 
thought  to  elevate  Notch3  transcription  in  tumors  (8).  In  ovarian 
cancer,  NotchS  gene  amplification  was  found  to  occur  in  ~  19%  of 
tumors,  and  overexpression  of  Notch3  was  found  in  more  than  half  of 
the  ovarian  serous  carcinomas  (9).  Similarly,  Notch  signaling 
activation  has  been  shown  in  the  development  of  breast  cancer.  In 
animal  models,  constitutively  active  Notch4  expression  causes 
mammary  tumors  in  mice  (10)  and  Notchl-activating  mutations 
contribute  to  the  development  of  T-ALL.  A  recent  study  further 
shows  that  overexpression  of  activated  Notchl  and  Notch3  in  trans¬ 
genic  mice  blocks  mammary  gland  development  and  induces  mouse 
breast  tumors  (11).  Overexpression  of  Notch3  is  sufficient  to  induce 
choroid  plexus  tumor  formation  in  a  mouse  model,  suggesting  a  role 
of  Notch3  in  the  development  of  certain  types  of  brain  tumors  (12). 

y-Secretase  as  a  Key  Mediator  of  Notch  Signaling 

Because  the  Notch-IC  signaling  plays  an  important  role  in  cancer 
development,  it  is  plausible  that  targeting  the  Notch  signaling  steps, 
including  receptor/ligand  binding,  release  of  Notch-IC,  interaction 
of  Notch-IC  and  downstream  targets,  as  well  as  Notch-IC  protein 
stability,  can  have  antitumor  effects  (13,  14).  Currently,  one  of  the 
emerging  approaches  for  blocking  Notch  signaling  is  to  suppress 
the  proteolytic  step  that  leads  to  the  generation  of  intracellular 
Notch-IC  (Fig.  15).  On  ligand  binding,  Notch  receptors  undergo  a 
series  of  programmed  proteolytic  events,  first  by  a-secrelase  at  the 
extracellular  surface,  which  leads  to  liberation  of  the  extracellular 
fragment,  and  then  by  intramembranous  cleavage  mediated  by 
y-secretase.  Notch-IC  is  then  released  from  the  inner  surface  of  cell 
membrane  and  is  translocated  into  nucleus  where  it  activates 
transcription  of  the  target  genes.  The  proteolytic  events  in  Notch 
signaling  activation  are  comparable  with  the  processes  involving 
amyloid  precursor  protein  (APP)  cleavage  (Fig.  15),  in  which 
sequential  cleavages  by  (3-secretase  and  y-secretase  release  the 
amyloid  [3-peptide  (the  precursor  of  amyloid  plaques  found  in  the 
brain  of  Alzheimer’s  disease). 

y-Secretase  is  a  large  protease  complex  and  is  composed  of  a 
catalytic  subunit  (presenilin-1  or  presenilin-2)  and  accessory 
subunits  (Pen-2,  Aphl,  and  nicastrin).  All  these  subunits  contain 
transmembrane  domains  and  thus  they  are  membrane  proteins. 
The  pivotal  role  of  y-secretase  in  the  Notch  activation  cascade  has 
been  well  shown  in  an  elegant  knockin  experiment,  showing  that 
introduction  of  a  single  point  mutation  near  the  transmembrane 
cleavage  site  in  Notchl  molecules  results  in  an  embryonic  lethality 
in  mice,  which  is  similar  to  the  effects  observed  in  Notchl 
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Figure  1.  An  overview  of  Notch  signaling  and  proteolytic  processing.  Top,  Notch  receptor  is  a  cell  surface  protein.  Interaction  with  the  Notch  ligand,  such  as 
Jagged,  initiates  proteolytic  cleavage  at  the  extracellular  site  by  a-secretase  followed  by  cleavage  at  the  intracellular  site  by  7-secretase,  resulting  in  the 
release  of  Notch-IC  from  the  cytoplasmic  side  of  the  cell  membrane.  Notch-IC  is  then  translocated  into  the  nucleus  where  it  interacts  with  CSL  and  recruits 
coactivators  (CoA)  to  form  a  transcription-activating  complex.  Notch-IC  can  be  polyubiquitylated  and  targeted  for  degradation  in  a  proteasome-dependent  manner. 
However,  the  location  of  degradation  is  currently  not  clear.  Bottom,  the  proteolytic  events  involving  Notch  receptor  and  APP  are  similar.  APP  is  an  integral 
membrane  protein  and  is  cleaved  at  the  extracellular  site  by  (J-secretase  followed  by  7-secretase  to  release  A|l  peptides.  Ap  is  the  major  constituent  of  amyloid  plaques 
and  its  accumulation  is  thought  to  play  a  central  role  in  Alzheimer’s  disease.  APP  can  be  also  cleaved  by  a-secretase  and  7-secretase,  which  leads  to  liberation 
of  P3  peptides  with  unknown  functions. 
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knockout  (15).  Furthermore,  the  presenilin-l-deficient  and  pre- 
senilin-l/presemlin-2  double  knockout  mice  had  a  marked 
decrease  in  Notch-IC  generation  (16,  17). 

Over  the  past  decades,  inhibitors  for  y-secretase  have  been 
actively  investigated  for  their  potential  to  block  the  generation  of 
A(i  peptide  that  is  associated  with  Alzheimer’s  disease  (18).  Because 
y-secretase  inhibitors  are  also  able  to  prevent  Notch  receptor 
activation,  several  forms  of  y-secretase  inhibitors  have  been  tested 
for  antitumor  effects.  First,  an  original  y-secretase  inhibitor,  IL-X 
(cbz-IL-CHO),  was  shown  to  have  Notchl-dependent  antineoplastic 
activity  in  Ras-transformed  fibroblasts.  More  recently,  tripeptide 
y-secretase  inhibitor  (z-Leu-leu-Nle-CHO)  was  reported  to  suppress 
tumor  growth  in  cell  lines  and/or  xenografts  in  mice  from 
melanoma  and  Kaposi  sarcoma  (19).  Treatment  with  dipeptide 
y-secretase  inhibitor  N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S- 
phenylglycine  t-butyl  ester  (DAPT)  also  resulted  in  a  marked  re¬ 
duction  in  medulloblastoma  growth  and  induced  G(l-G ,  cell  cycle 
arrest  and  apoptosis  in  a  T-ALL  animal  model  (20,  21).  Another 
y-secretase  inhibitor,  dibenzazepine,  has  been  shown  to  inhibit 
epithelial  cell  proliferation  and  induce  goblet  cell  differentiation  in 
intestinal  adenomas  in  Ape  '  (min)  mice  (22).  More  recently, 
functional  inactivation  of  Notch3  either  by  tripeptide  y-secretase 
inhibitor  or  Notch3-specific  small  interfering  RNA  results  in 
suppression  of  cell  proliferation  and  induction  of  apoptosis  in  the 
tumor  cell  lines  that  overexpressed  Notch3  but  not  in  those  with 
minimal  amounts  of  Notch3  expression  (9).  Futhermore,  a  phase  1 
clinical  trial  for  a  Notch  inhibitor,  MK0752  (developed  by  Merck, 
Whitehouse  Station,  NJ),  has  been  launched  for  relapsed  or 
refractory  T-ALL  patients  and  advanced  breast  cancers.1  As 
discussed  above,  Notch  signaling  and  APP  metabolism  are  triggered 
by  the  similar  proteolytic  process;  it  is  foreseeable  that  y-secretase 
inhibitors  that  are  currently  tested  in  clinical  trials  for  Alzheimer’s 
disease  may  be  applicable  to  treat  neoplastic  diseases,  especially 
those  tumors  known  to  harbor  constitutive  Notch  activation. 
Besides  the  evidence  of  y-secretase  inhibitors  in  directly  inactivating 
Notch  signaling  on  cancer  cells,  y-secretase  inhibitors  may  also 
suppress  angiogenesis  in  solid  tumors  by  interfering  in  the  cross-talk 
between  the  tumor  and  vasculature  through  the  Notch  signaling  (23). 

The  exciting  studies  summarized  above  strongly  suggest  a 
potential  clinical  application  of  y-secretase  inhibitors  in  cancer 
therapeutics.  However,  one  of  the  major  challenges  on  the  way 
toward  this  goal  is  the  untoward  side  effects  associated  with  the 
inhibitors,  especially  the  cytotoxicity  in  the  gastrointestinal  tract 
(24),  which  can  be  exacerbated  by  conventional  chemotherapeutic 
drugs.  Therefore,  balancing  efficacy  and  toxicity  of  y-secretase 
inhibitors  must  be  considered  in  future  clinical  applications.  The 
possible  mechanisms  underlying  the  unwanted  cytotoxicity  are 
multifactorial.  First,  Notch  signaling  pathway  is  known  to  widely 
participate  in  cellular  physiology  in  normal  tissues,  including 
hematopoiesis  and  maintenance  of  arterial  smooth  muscle  (25); 
therefore,  it  is  plausible  that  inactivation  of  y-secretase  may  lead  to 
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dysfunction  of  vital  organs.  Second,  it  is  likely  that  y-secretase 
inhibitors  do  not  exclusively  target  the  Notch  signaling  pathways. 
This  is  because  y-secretase  has  many  substrates  in  addition  to 
Notch  receptors,  such  as  several  Notch  ligands,  ErbB4,  syndecan 
(an  extracellular  matrix),  and  CD44  (1).  Additionally,  y-secretase 
inhibitors  may  target  proteases  other  than  y-secretase.  As  proteases 
participate  in  a  wide  variety  of  cellular  functions,  y-secretase 
inhibitors  may  have  other  widespread  adverse  effects  in  vivo. 
Some  of  the  concerns  of  the  nonselectivity  of  the  inhibitors  will  be 
addressed  based  on  the  results  of  the  ongoing  clinical  trials.  Never¬ 
theless,  it  may  prove  possible  to  identify  a  therapeutic  window, 
in  which  partial  inhibition  of  y-secretase  is  sufficient  to  suppress 
Notch  signaling  in  cancer  cells,  whereas  the  dosage  will  not  signif¬ 
icantly  affect  the  functions  in  normal  tissues.  It  is  thought  that 
the  differential  killing  between  cancer  and  normal  cells  can  be 
exaggerated  in  treating  those  tumors  with  constitutive  Notch  acti¬ 
vation,  in  which  cancer  cells  are  “addicted”  to  the  Notch  signaling. 

Implications  and  Future  Directions 

The  findings  discussed  above  have  at  least  two  major  biological 
and  clinical  implications.  First,  like  wingless  (wnt)  and  Hedgehog 
(shh),  the  Notch  signaling  pathway  is  important  in  controlling  both 
developmental  processes  and  tumorigenesis.  Tumor  cells  sabotage 
the  Notch  signaling  pathway  for  tumor  initiation  and/ or  progression 
through  constitutive  activation  by  ways  of  chromosomal  transloca¬ 
tion,  point  mutation,  gene  amplification,  and  other  epigenetic 
events.  Second,  recent  studies  suggest  that  one  of  the  most 
promising  targets  in  inactivating  the  Notch  signaling  is  y-secretase 
complex,  the  molecular  switch  for  Notch  signaling  activation. 
Recently,  there  has  been  an  increased  enthusiasm  in  targeting  this 
pathway  using  y-secretase  inhibitors  for  new  cancer  therapeutics 
because  accumulating  preclinical  studies  have  shown  that 
y-secretase  inhibitors  hold  promise  as  a  new  target-based  therapy 
for  those  tumors  with  Notch  activation.  However,  before  Notch- 
based  therapy  becomes  a  reality,  future  studies  should  primarily 
focus  on  the  issues  of  target  specificity  and  address  the  possible  side 
effects  that  may  affect  cancer  patients  who  receive  this  new 
treatment  regimen.  Furthermore,  the  clinical  promise  of  y-secretase 
inhibitors  in  cancer  therapeutics  depends  on  careful  correlation 
studies  between  the  molecular  genetic  alterations  in  the  Notch  gene 
(e.g„  mutations  and  gene  amplification)  and  clinical  response  to 
y-secretase  inhibitors.  To  maximize  the  therapeutic  effects  (together 
with  conventional  therapeutics)  and  minimize  the  adverse  side 
effects  in  cancer  patients,  it  is  essential  to  show  the  “tumor 
dependency”  of  Notch  activation  experimentally  and  clinically. 
Despite  several  challenges  on  the  way,  it  is  expected  that  in  the 
coming  years,  there  will  be  substantial  efforts  in  identifying  new 
specific  y-secretase  inhibitors  and  in  opening  new  clinical  trials  to 
test  the  potential  of  this  new  line  of  cancer  therapeutic  agents. 
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Abstract 

Cancer  mortality  and  morbidity  are  primarily  related  to 
recurrent  tumors,  and  characterization  of  recurrence-associ¬ 
ated  genes  should  illuminate  fundamental  properties  of  tumor 
progression  and  provide  new  therapeutic  targets.  We  have 
previously  identified  NAC-1,  a  member  of  the  BTB/POZ  gene 
family  and  a  transcription  repressor,  as  a  gene  associated 
with  recurrent  ovarian  carcinomas  after  chemotherapy.  We 
further  showed  that  homodimerization  of  NAC-1  proteins  is 
essential  for  tumor  growth  and  survival.  In  this  study,  we 
applied  serial  analysis  of  gene  expression  and  identified 
growth  arrest  and  DNA-damage-inducible  45-y  interacting 
protein  ( Gadd45GIPl )  as  one  of  the  downstream  genes 
negatively  regulated  by  NAC-1.  NAC-1  knockdown  in  both 
SKOV3  and  HeLa  cells  that  expressed  abundant  endogenous 
NAC-1  induced  Gadd45GIPl  expression  transcriptionally;  on 
the  other  hand,  engineered  expression  of  NAC-1  in  NAC-1- 
negative  BK3E  and  HEK293  cells  suppressed  endogenous 
Gadd45GIPl  expression.  In  NAC-1 -expressing  tumor  cells, 
induction  of  dominant  negative  NAC-1  conferred  a  growth- 
inhibitory  effect  that  can  be  partially  reversed  by  Gadd45GIPl 
knockdown.  Induced  Gadd45GIPl  expression  resulted  in 
growth  arrest  in  SKOV3  and  HeLa  cells  both  in  vitro  and 
in  vivo.  In  summary,  NAC-1  contributes  to  tumor  growth  and 
survival  by  at  least  inhibiting  Gadd45GIPl  expression,  which 
has  a  tumor  suppressor  effect  in  cancer  cells.  [Cancer  Res 
2007;67(17):8058-64] 

Introduction 

The  genes  of  the  BTB/POZ  family  act  as  ubiquitous  transcrip¬ 
tion  repressors  and  participate  in  several  cellular  functions, 
including  proliferation,  apoptosis,  transcription  control,  and  cell 
morphology  maintenance  (1).  The  BTB/POZ  proteins  share  an 
evolutionally  conserved  BTB/POZ  protein-protein  interaction 
motif  at  the  NH2-terminal  that  mediates  either  homodimer  or 
heterodimer  formation  (1-3).  The  POZ  domain  also  facilitates 
the  recruitment  of  corepressor  proteins  including  histone  deace- 
tylases  (4),  SMRT  (5),  N-CoR  (6),  mSin3A  (6),  and  BcoR  (7).  The 
roles  of  BTB/POZ  proteins  in  human  cancer  have  been  recently 
revealed  because  several  of  the  BTB/POZ  proteins  have  been 
shown  to  be  involved  in  cancer  development,  and  they  include 
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BCL-6  (8,  9),  PLZF  (promyelocytic  leukemia  zinc  finger;  refs.  8,  10), 
leukemia/lymphoma  related  factor  (LRF)/Pokemon  (11,  12),  HIC-1 
(hypermethylated  in  cancer-1),  and  Kaiso  (13,  14).  For  example, 
BCL-6  translocations  and  mutations  frequently  occur  in  B-cell 
lymphoma,  resulting  in  constitutive  BCL-6  activation  that  contri¬ 
butes  to  the  development  of  B-cell  lymphoma.  Peptide  inhibitors 
that  block  interaction  between  the  BCL-6  BTB/POZ  domain  and  its 
corepressor  suppress  BCL-6  oncogenic  functions  in  neoplastic  B 
lymphocytes,  suggesting  a  potential  of  that  peptide  inhibitor  of 
the  BTB/POZ  domain  may  provide  a  novel  therapeutic  agent  for 
B-cell  lymphoma  (9).  Besides,  LRF  directly  represses  transcription 
of  the  tumor  suppressor  gene  ARF,  thus  enhancing  tumor  develop¬ 
ment  (11). 

Based  on  analyzing  gene  expression  levels  in  all  130  deduced 
human  BTB/POZ  genes  using  the  serial  analysis  of  gene  expression 
(SAGE)  data,  we  have  recently  identified  NAC-1  as  a  carcinoma- 
associated  BTB/POZ  gene  (15).  NAC-1  is  a  transcription  repressor 
and  is  involved  in  self-renewal  and  maintenance  of  pluripotency  in 
embryonic  stem  cells  (16).  In  human  cancer,  our  previous  study 
reveals  that  NAC-1  is  significantly  overexpressed  in  several  types 
of  carcinomas  including  ovarian  serous  carcinomas,  the  most 
malignant  and  common  type  of  ovarian  cancer  (15).  The  levels  of 
NAC-1  expression  correlate  with  tumor  recurrence  in  ovarian 
serous  carcinomas,  and  intense  NAC-1  immunoreactivity  in 
primary  ovarian  tumors  predicts  early  recurrence  (15).  Based  on 
co-immunoprecipitation  and  double  immunofluorescence  assays, 
we  show  that  NAC-1  proteins  homo-oligomerize  through  the 
BTB/POZ  domain.  Induced  expression  of  the  NAC-1  mutant 
containing  only  the  BTB/POZ  domain  (N130)  disrupts  NAC-1 
bodies,  prevents  tumor  formation,  and  enhances  apoptosis  in 
mouse  tumor  xenografts.  Overexpression  of  full-length  NAC-1  is 
sufficient  to  increase  tumorigenicity  of  ovarian  surface  epithelial 
cells  and  NIH3T3  cells  in  athymic  nu/nu  mice.  Taken  together,  our 
previous  studies  suggest  that  NAC-1  is  a  tumor  recurrence- 
associated  gene  with  oncogenic  potential,  and  the  interaction 
between  BTB/POZ  domains  of  NAC-1  proteins  is  essential  for 
tumor  cell  proliferation  and  survival  in  those  tumors  with  NAC-1 
overexpression. 

To  determine  the  molecular  mechanisms  underlying  how  NAC-1 
expression  contributes  to  growth  and  survival  in  tumor  cells  that 
overexpress  NAC-1,  we  used  the  NAC-1  dominant  negative  N130 
model  to  identify  the  differentially  expressed  genes  in  cells  with 
and  without  N130  induction.  Based  on  SAGE,  we  identified  and 
validated  several  genes  whose  expression  was  up-regulated  by 
N130  protein  induction  and,  thus,  was  negatively  regulated  by 
NAC1  molecules.  One  of  the  NAC-1  negatively  regulated  genes  is 
the  growth  arrest  and  DNA-damage-inducible  45-y  interacting 
protein  (Gadd45GIPl),  also  known  as  CR6-interacting  factor  1 
(CRIF1),  which  has  been  shown  to  bind  to  the  Gadd45  family 
proteins  based  on  glutathione  S’- transferase  pull-down,  mammalian 
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cell  two-hybrid,  and  co-immunoprecipitation  assays  (17).  In  this 
study,  we  provide  new  evidence  that  Gadd45GIPl  is  one  of  the 
NAC-1  downstream  targets  in  which  down-regulation  by  NAC-1  is 
a  possible  mechanism  that  NAC-1  contributes  to  tumor  growth 
and  survival. 

Materials  and  Methods 

LongSAGE  library  construction.  Total  RNA  was  isolated  from  1  x  107 
HeLa  cells  with  the  Tet-off  N130  inducible  system  28  h  after  removal  of 
doxycyclin  and  from  1  x  107  control  cells  in  the  presence  of  doxycyclin.  This 
time  point  of  tumor  cell  harvesting  was  determined  according  to  our 
previous  study  showing  that  28  h  after  N130  induction,  cell  cycle  arrest  in 
the  induced  cells  first  became  obvious  (15).  LongSAGE  was  done  with  2  pg 
mRNA  using  a  standard  SAGE  protocol.3 

Quantitative  PCR  analysis  and  promoter  activity  assay.  The 
transcript  levels  of  candidate  NAC-1 -regulated  genes  as  listed  in  Table  1, 
including  Gadd45GIPl,  were  determined  by  quantitative  real-time  PCR 
using  an  iCycler  (Bio-Rad)  with  the  SYBR  Green  dye  (Molecular  Probes). 
Averages  in  the  threshold  cycle  number  (Ct)  of  duplicate  measurements 
were  obtained.  The  results  were  expressed  as  the  difference  between  the 
Ct  of  the  gene  of  interest  and  the  Ct  of  a  control  gene  (APP)  for  which 
expression  is  relatively  constant  among  the  SAGE  libraries  analyzed  (19). 
For  the  promoter  activity  assay  of  the  Gadd45GIPl,  we  cloned  a  1.5-kb 
fragment  of  the  Gadd45GIPl  promoter  region  into  the  pGL3-Enhancer 
vector  (Promega).  The  construct  was  then  used  to  transfect  HeLa  cells  in 
a  96-well  plate  using  LipofectAMINE.  Renilla  construct  was  used  as  a 
normalization  control.  The  luciferase  intensity  that  reflected  the  promoter 
activity  was  measured  using  the  Dual-Glo  Luciferase  Reagent  (Promega). 
The  ratio  of  luminescence  from  the  experimental  reporter  and  the  control 
reporter  (the  Renilla  vector)  was  determined. 

Effects  of  Gadd45GIPl  expression.  The  Tet-off  inducible  system  was 
used  to  assess  the  biological  effects  of  Gadd45GIPl.  SKOV3  ovarian  cancer 
cell  line  and  HeLa  cervical  adenocarcinoma  cell  line,  which  constitutively 
expressed  tetracycline-controlled  transactivator  (tTA),  were  transfected 
with  pBI-Gadd45GIPl /enhanced  green  fluorescent  protein  (EGFP)  that 
bicistronically  expressed  Gadd45GIPl  and  the  reporter  EGFP  upon  the 
binding  of  rTA  to  the  tetracyclin-responsive  element  (TRE).  The 
Gadd45GIPl  cDNA  was  prepared  from  the  OVCAR3  cells,  amplified  by 
PCR  and  cloned  into  the  pBI  vector.  Both  Gadd45GIPl  and  EGFP  proteins 
were  not  expressed  in  the  presence  of  doxycyclin,  which  bound  to  tTA 
and  prevented  it  from  interacting  with  TRE  on  a  pBI  vector.  Both  proteins 
were  induced  upon  removal  of  doxycyclin. 

To  assess  if  constitutive  expression  of  Gadd45GIPl  could  counteract  the 
growth  stimulatory  effect  of  NAC-1  proteins,  we  constructed  a  mammalian 
expression  vector,  pcDNA4/Gadd45GIPl,  with  an  Xpress  tag  at  the  NH2- 
terminal.  The  Gadd45GIPl  cDNA  was  prepared  from  the  0VCAR3  cells, 
amplified  by  PCR  and  cloned  into  a  mammalian  expression  vector, 
pcDNA4/His-Max  C  (Invitrogen).  The  clone  was  sequenced  to  ensure  a 
wild- type  coding  sequence  of  Gadd45GIPl.  pcDNA/Gadd45GIPl  was  then 
stably  transfected  into  the  RK3E/NAC-1  and  HEK293/NAC-1  clones  using 
the  Nucleofector  II  electroporator  (Amaxa).  Cell  growth  and  apoptosis 
assays  were  done  as  previously  described  (20). 

Small  interfering  RNA  knockdown  of  NAC-1  and  Gadd45GIPl  gene 
expression.  The  small  interfering  RNA  (siRNA)  that  targeted  Gadd45GIPl 
was  GGCGGCGCCGUAACGCGCGAACUGCUU.  Control  siRNA  (off-target 
control)  was  purchased  from  IDT.  The  sequences  of  NAC-1  siRNA  were 
previously  reported  (15).  Cells  were  seeded  onto  96  wells  and  transfected 
with  siRNAs  using  OligofectAMINE  (Invitrogen). 

Tumor  xenograft  in  nude  mice.  To  determine  if  Gadd45GIPl  induction 
could  prevent  tumor  formation,  we  injected  3  x  106  SKOV3  and  HeLa 
cells  with  Gadd45GIPl  inducible  constructs  into  the  subcutaneous  tissue 
of  nu/nu  mice.  For  controls,  doxycyclin  (125  pg/mouse)  was  injected  i.p. 


3  This  has  been  detailed  at  http://www.sagenet.org/sage_protocol.htm  with  the 
modifications  previously  described  (18). 


daily  to  suppress  Gadd45GIPl  expression,  whereas  doxycyclin  was  not  given 
into  the  mice  to  induce  gene  expression.  Tumor  volume  was  measured 
every  other  day  for  14  days.  To  determine  if  Gadd45GIPl  has  tumor 
suppressor  effects  on  established  tumors,  we  injected  the  same  number  of 
SK0V3  and  HeLa  cells  and  induced  Gadd45GIPl  expression  9  days  after 
subcutaneous  tumors  had  formed.  The  tumors  were  monitored  for 
induction  based  on  green  fluorescence  using  a  small  animal  fluoroscope 
imaging  device.  Tumor  volume  was  measured  daily  for  9  days  after 
induction,  and  tumors  were  prepared  for  histopathologic  examination  and 
immunohistochemistry  study  using  an  anti-M30  antibody  (Roche). 

Results 

Identification  and  validation  of  NAC-1  regulated  genes. 

To  elucidate  the  mechanisms  underlying  the  effects  of  NAC-1  in 
promoting  tumor  growth  and  survival,  we  used  the  N130  dominant 
negative  system  because  N130  was  a  truncated  protein  of  NAC-1 
containing  only  the  BTB/POZ  domain  (amino  acids  1-129  from  the 
NH2-terminal),  and  induction  of  N130  was  shown  to  be  more 
potent  in  inactivating  NAC-1  than  gene  knockdown  using  siRNA 
(15).  In  this  study,  we  did  long  SAGE  and  compared  the  gene 
expression  profiles  in  N130-induced  and  non-induced  HeLa  cells. 
We  found  that  N130  induction  affected  transcript  levels  in  only  a 
few  genes.  There  were  a  total  of  seven  genes  that  were  significantly 
up-regulated  (>3-fold  in  tag  counts)  after  N130  induction  and 
could  be  validated  (>2-fold)  by  quantitative  real-time  PCR  using 
the  same  RNA  samples  that  were  used  to  generate  long  SAGE 
libraries  (Table  1).  The  up-regulation  of  the  seven  genes  by  N130 
could  also  be  observed  in  SK0V3  ovarian  cancer  cells  after  N130 
induction  based  on  real-time  PCR  analysis.  As  a  control,  we 
induced  the  expression  of  C250,  the  deletion  mutant  of  NAC-1 
containing  the  COOH-terminal  250  amino  acids  of  the  NAC-1 
protein,  in  HeLa  cells  but  did  not  observe  a  significant  fold  increase 
(<  1.5-fold)  in  any  of  the  seven  genes.  The  transcript  level  of 
Gadd45GIPl  increased  as  soon  as  9  h  after  N130  induction  and 
sustained  a  similar  level  of  expression  thereafter.  In  addition,  there 
were  three  genes  showing  marginal  down-regulation  (2-  to  3-fold) 
in  N130-induced  cells  as  compared  with  non-induced  controls 
based  on  LongSAGE,  but  none  of  them  could  be  validated  by  real¬ 
time  PCR  (<  1.5-fold).  Among  the  seven  up-regulated  genes, 
Gadd45GIPl  was  selected  for  further  study  because  it  had  been 
shown  to  be  a  potential  gene  that  suppresses  cellular  proliferation 
and  participate  in  the  Gadd45  tumor  suppressor  pathway  (17). 

NAC-l-dependent  Gadd45GIPl  expression.  Induction  of 
N130  expression  significantly  enhanced  the  Gadd45GIPl  promoter 
activity  (P  <  0.001)  and  elevated  the  Gadd45GIPl  mRNA  level  in 
HeLa  cells  (Fig.  L4)  as  well  as  the  Gadd45GIPl  protein  level  in 
both  HeLa  and  SK0V3  cells  (Fig.  IS).  In  contrast,  C250  induction 
did  not  show  any  significant  effect  on  the  expression  levels  of 
Gadd45GIPl  because  the  Gadd45GIPl  transcript  level  increased  to 
only  1.094-fold  based  on  quantitative  real-time  PCR.  To  further 
show  that  Gadd45GIPl  expression  depends  on  NAC-1  proteins,  we 
used  two  independent  but  complementary  approaches.  First,  we 
knocked  down  NAC-1  in  HeLa  and  SKOV3  cells  using  siRNA  and 
observed  a  decrease  in  the  NAC-1  transcript  level  with  a  conco¬ 
mitant  increase  in  the  Gadd45GIPl  level  (Fig.  1C  and  D).  Second, 
we  ectopically  expressed  NAC-1  tagged  with  V5  in  HEK293  and 
RK3E  cells  with  undetectable  NAC-1  expression  and  analyzed  the 
change  in  the  Gadd45GIPl  expression  levels  and  cell  proliferation 
(Fig.  2 A-C).  The  NAC-1/V5  stable  clones  showed  higher  prolifer¬ 
ation  activity  as  compared  with  the  vector-transfected  clones  at 
low  (0.5%)  serum  concentration.  The  transcript  and  protein  levels 


www.aacrjournals.org 


8059 


Cancer  Res  2007;  67:  (17).  September  1,  2007 


Cancer  Research 


Appendix  #12 


Table  1.  Differentially  expressed  genes  after  induction  of  N130  NAC-1 

Gene  name 

Unigene 

number 

Gene  description 

Tag  number 
N130+ 

Tag  number 
N130- 

Real-time 

PCR 

CHCHD2 

389996 

Coiled-coil-helix-coiled-coil-helix  domain 

41 

17 

9.5-fold  up 

BUT 

527980 

Essential  enzyme  of  nucleotide  metabolism 

13 

2 

3.3-fold  up 

UBE2J2 

191987 

E2  ubiquitin-conjugating  enzyme  family 

7 

0 

2.1-fold  up 

CAPNS1 

515371 

Calpain  families  related  to  oxidative  stress 

6 

0 

2.4-fold  up 

GADD45GIP1 

515164 

Growth  arrest  and  DNA-damage-inducible 

11 

2 

3.9-fold  up 

COL4A1 

17441 

Major  type  IV  a  collagen  chain  of  basement  membranes 

13 

3 

2.6-fold  up 

TFE3 

274184 

Transcription  factor  binding  to  IGHM  enhancer  3 

5 

0 

3.9-fold  up 

of  Gadd45GIPl  were  significantly  reduced  in  NAC-1  clones  as 
compared  with  the  control  cells  without  NAC-1  expression. 

Functional  effects  of  Gadd45GIPl  expression  in  vitro.  The 
above  findings  suggest  that  Gadd45GIPl  mediates  the  growth- 
inhibitory  effect  of  the  dominant  negative  NAC-1,  N130,  and  is  one 
of  the  downstream  genes  negatively  regulated  by  NAC-1.  To  test 
this  hypothesis,  we  established  an  inducible  (Tet-off)  system  in 


Figure  1.  Inactivation  of  NAC-1  up-regulates  Gadd45GIP1  expression. 

A,  expression  of  N130,  the  dominant  negative  of  NAC-1,  enhances  the 
Gadd45GIP1  promoter  activity  (left)  and  gene  transcript  level  (right)  in  HeLa 
cells  as  compared  with  non-induced  controls.  The  assays  were  done  48  h  after 
N130  induction,  and  the  data  are  expressed  as  the  fold  increase  as  normalized 
to  the  non-induced  group.  B,  Western  blots  show  that  N130  expression 
increases  Gadd45GIP1  proteins  (arrows,  -28  kDa)  in  both  SKOV3  and  HeLa 
cells.  Glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  was  used  as  the 
loading  control  (*,  -37  kDa).  C,  NAC-1  gene  knockdown  reduces  NAC-1,  but 
increases  Gadd45GIP1  protein  expression  (left)  and  mRNA  expression  (right) 
in  HeLa  cells.  D,  NAC-1  gene  knockdown  reduces  NAC-1,  but  increases 
Gadd45GIP1  protein  expression  (left)  and  mRNA  expression  (right)  in  both 
protein  (left)  and  mRNA  (right)  levels  in  SKOV3  cells.  The  data  of  siRNA 
experiments  were  obtained  72  h  after  siRNA  treatment  and  were  expressed  as 
fold  change  as  compared  with  control  siRNA-treated  cells. 


HeLa  and  SKOV3  cells  by  expressing  the  Gadd45GIPl  in  tumor 
cells  upon  removal  of  doxycyclin.  Because  the  inducible  system 
drove  the  expression  of  Gadd45GIPl  as  well  as  EGFP,  we  were  able 
to  determine  the  efficiency  of  gene  induction  by  counting  the  green 
fluorescent  cells.  Based  on  flow  cytometry,  we  found  that  the 
induction  efficiency  in  both  SKOV3  and  HeLa  cell  lines  was 
high  because  more  than  90%  of  cells  became  green  fluorescent 
24  h  after  induction.  Based  on  Western  blot  analysis,  expression 
of  Gadd45GIPl  in  SKOV3  and  HeLa  cells  was  first  detected  24 
(although  weak)  and  48  h  after  induction,  respectively  (Fig.  3A). 
For  both  cell  fines,  induction  of  Gadd45GIPl  expression  signifi¬ 
cantly  suppressed  cell  growth  as  evidenced  by  the  insignificant 
increase  of  cell  number  in  a  time  course  of  the  induced  group  as 
compared  with  the  non-induced  group  (Fig.  3 B).  Similarly,  the 
colony  formation  was  remarkably  reduced  in  the  induced  group 
(Fig.  3C),  and  the  percentage  of  apoptotic  cells  was  increased  in  the 
induced  SKOV3  and  HeLa  cells  (Fig.  3D).  In  addition  to 
determining  the  effects  of  Gadd45GIPl  in  SKOV3  and  HeLa,  we 
further  extended  the  above  finding  to  RK3E  and  HEK293  clones 
that  were  engineered  to  express  NAC-1.  Constitutive  Gadd45GIPl 
expression  (driven  by  a  cytomegalovirus  promoter)  significantly 
reduced  the  growth  rate  of  NAC-1  clones  as  compared  with  the 
control  cells  without  Gadd45GIPl  expression  (Supplementary 
Fig.  SI).  The  above  results  strongly  suggested  that  the  over¬ 
expression  of  NAC-1  in  tumor  cells  contributed  to  tumor  growth  by 
negatively  controlling  the  expression  of  Gadd45GIPl.  Thus,  we 
further  determined  if  Gadd45GIPl  knockdown  could  rescue  growth 
suppression  conferred  by  N130.  We  treated  HeLa  cells  with  siRNA 
targeting  Gadd45GIPl,  and  as  shown  in  the  Supplementary  Fig.  S2, 
Gadd45GIPl  siRNA  partially  restored  cellular  proliferation  from 
N130  induction  in  HeLa  cells,  whereas  the  control  siRNA  did  not 
show  any  effects  on  cell  growth. 

Induction  of  Gadd45GIPl  expression  results  in  tumor 
suppression  in  vivo.  Based  on  the  above  findings,  we  determined 
if  Gadd45GIPl  expression  had  a  growth-inhibitory  effect  in  tumor 
formation  and  development  in  vivo.  Tumor  xenografts  from  both 
SKOV3  and  HeLa  cell  fines  were  established  in  the  nu/nu  mouse 
model.  First,  we  tested  if  Gadd45GIPl  expression  could  prevent 
tumorigenesis  by  inducing  Gadd45GIPl  expression  2  days  after 
s.c.  injection  of  tumor  cells.  As  shown  in  Fig.  4,  induction  of 
Gadd45GIPl  expression  almost  completely  prevented  the  forma¬ 
tion  of  subcutaneous  SKOV3  tumors  (Fig.  4 A)  and  HeLa  tumors 
(Fig.  4 B).  In  contrast,  the  non-induced  cells  without  Gadd45GIPl 
expression  grew  tumors  at  all  injection  sites,  which  progressively 
enlarged  in  size.  Representative  mice  bearing  the  SKOV3  tumors 
were  shown  in  Fig.  4C.  Second,  we  determined  if  Gadd45GIPl 
could  limit  tumor  growth  in  established  tumors  by  expressing 
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Figure  2.  Ectopic  expression  of  NAC-1  increases  cellular  proliferation  and 
decreases  Gadd45GIP1  expression.  A,  top,  NAC-1/V5  protein  expression  from 
two  RK3E  clones  (clone  1  and  clone  2)  in  Western  blot  analysis  using  a  V5 
antibody.  Clone  1  expresses  a  very  high  level  of  NAC-1 ;  therefore,  only  a  small 
amount  of  cellular  lysate  was  loaded.  GAPDH  was  used  as  the  loading  control. 
Bottom,  growth  curves  of  RK3E  clones.  As  compared  with  vector-transfected 
clone,  cells  from  both  NAC-1  clone  1  and  clone  2  show  increased  proliferation. 

B,  top,  NAC-1/V5  protein  expression  from  two  stable  clones  of  HEK293.  Bottom, 
growth  curves  of  HEK293  clones.  As  compared  with  vector-transfected  clone, 
cells  from  both  NAC-1  clone  1  and  clone  2  show  increased  proliferation. 

C,  quantitative  real-time  PCR  shows  reduction  of  Gadd45GIP1  mRNA  levels  in 
NAC-1  clones  (Cl  and  C2)  from  RK3E  and  HEK293  cells,  /-axis,  fold  of 
decrease  as  compared  with  parental  (P)  control  cells.  D,  Western  blot  analysis 
shows  a  reduced  Gadd45GIP1  protein  expression  ( arrows ,  28  kDa)  in  both 
HEK293  clones.  GAPDH  was  used  as  a  loading  control  (*,  37  kDa). 


Gadd45GIPl  9  days  after  the  tumors  were  formed  (30  ±  3.8  mm3 
for  SKOV3  tumors  and  120  ±  32  mm3  for  HeLa  tumors; 
Supplementary  Fig.  S3).  Five  days  after  discontinuation  of 
doxycyclin,  induction  of  Gadd45GIPl  expression  was  evidenced 


by  green  fluorescence  in  the  subcutaneous  tumors  in  which  the 
tumor  cells  were  previously  engineered  to  express  both 
Gadd45GIPl  and  EGFP  by  a  bicistronic  promoter.  As  shown  in 
Supplementary  Fig.  S3A,  both  SKOV3  and  HeLa  subcutaneous 
tumors  continued  growing  in  control  mice  (i.p.  injection  with 
doxycyclin),  whereas  the  tumors  either  stopped  growing  or 
decreased  in  size  after  Gadd45GIPl  induction  (i.p.  injection  with 
PBS  instead  of  doxycyclin).  The  tumor  size  between  induced  and 
non-induced  groups  was  statistically  significant  ( P  <  0.001)  in  the 
end  of  experiments  for  both  SKOV3  and  HeLa  cells.  Histologic 
examination  of  the  tumors  excised  10  days  after  Gadd45GIPl 
induction  revealed  extensive  apoptosis  in  tumor  cells  based  on 
morphology  (Supplementary  Fig.  S3B)  and  immunoreactivity  with 
the  M30  antibody,  which  recognizes  an  apoptosis-specific  caspase- 
cleaved  cytokeratin  epitope  (refs.  21,  22;  Supplementary  Fig.  S3C). 

Discussion 

Using  LongSAGE  as  a  discovery  tool  and  real-time  PCR  as  a 
validation  method,  we  identified  and  validated  seven  genes  that 
were  up-regulated  after  NAC-1  inactivation  by  the  dominant 
negative  NAC-1  (N130)  but  were  unable  to  validate  any  genes 
that  were  down-regulated  by  NAC-1  inactivation,  a  finding 
consistent  with  transcription  repressor  roles  of  the  BTB/POZ 
family  members  (23,  24).  The  demonstration  of  Gadd45GIPl  as  one 
of  the  downstream  effectors  that  are  negatively  regulated  by  NAC-1 
is  of  great  interest.  Gadd45GIPl,  also  known  as  CRIF1  (17), 
interacts  with  the  growth  arrest  and  DNA  damage-inducible 
protein  45  (Gadd45)  family,  which  plays  an  important  role  in 
genomic  stability,  DNA  repair,  cell  cycle  regulation,  and  apoptosis 
(25-27).  It  has  been  previously  reported  that  Gadd45GIPl 
expression  is  detected  in  normal  tissues,  including  thyroid,  heart, 
lymph  node,  trachea,  and  adrenal  glands,  and  its  expression  level  is 
lower  in  neoplastic  tissues,  including  adrenal  adenomas  and 
papillary  thyroid  carcinoma  (17).  Gadd45GIPl  co-localized  with 
Gadd45y  in  the  nuclei,  and  recombinant  Gadd45GIPl  proteins 
inhibited  histone  HI  kinase  activity  of  immunoprecipitated  Cdc2/ 
cyclin  B1  and  Cdk2/cyclin  E.  The  inhibitory  effects  were  synergistic 
by  Gadd45  proteins.  In  addition,  Gadd45GIPl  interacts  with  the 


Figure  3.  Effects  of  Gadd45GIP1  on  cells 
with  NAC-1  expression.  A,  Western  blot 
analysis  shows  increasing  protein  level  of 
Gadd45GIP1  (arrows,  28  kDa)  in  both 
SKOV3  and  HeLa  cells  after  induction. 
GAPDH  was  used  as  the  loading  control 
(*,  37  kDa).  B,  cell  growth  curves  show  that 
after  induction  of  Gadd45GIP1  by  removing 
doxycyclin  from  culture  medium,  cell 
growth  in  both  SKOV3  and  HeLa  cells  is 
significantly  suppressed  as  compared  with 
the  non-induced  cells  (with  doxycyclin  in 
the  medium).  C,  colony  formation  is 
significantly  reduced  in  Gadd45GIP1- 
induced  SKOV3  and  HeLa  cells.  There  are 
essentially  no  colonies  detected  in  the 
induced  groups.  D,  percentage  of  apoptotic 
cells  are  determined  by  counting  annexin 
V-positive  cells  in  both  Gadd45GIP1- 
induced  and  non-induced  SKOV3  and 
HeLa  cells.  A  time-dependent  increase  in 
apoptotic  cells  is  observed  in  Gadd45GIP1- 
induced  cells. 
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Orphan  nuclear  receptor,  Nur77,  and  inhibits  its  transactivation 
(28).  Biologically,  overexpression  of  Gadd45GIPl  inhibited  cellular 
proliferation  in  NIH3T3  cells,  and  Gadd45GIPl  gene  knockdown 
led  to  the  inactivation  of  the  Rb  pathway  (17). 

The  evidence  to  support  a  direct  role  of  NAC-1  in  regulating 
expression  of  Gadd45GIPl  in  this  study  came  from  the  findings 
based  on  two  experimental  systems.  First,  inactivation  of  NAC-1 
either  by  dominant  negative  NAC-1  (N130)  expression  or  RNA 
interference  enhanced  Gadd45GIPl  promoter  activity  and  gene 
expression  levels.  Second,  engineered  expression  of  NAC-1  inhi¬ 
bited  Gadd45GIPl  expression  in  cells  without  detectable  NAC-1 
expression.  In  this  study,  we  observed  that  ectopic  expression  of 
Gadd45GIPl  proteins  in  NAC-1 -expressing  tumor  cells  was 
associated  with  growth  suppression  in  both  in  vitro  and  in  vivo 
systems,  a  finding  consistent  with  a  previous  report  demonstrat¬ 
ing  Gadd45GIPl-induced  growth  inhibition  in  NIH3T3  cells  (17). 
Furthermore,  Gadd45GIPl  gene  knockdown  could  partially  rescue 
NAC-1  dominant  negative  (N130)-induced  growth  suppression, 
suggesting  that  additional  factors  other  than  Gadd45GlPl  are 
required  for  NACl-mediated  increase  in  cell  proliferation.  The 
above  results  suggest  that  NAC-1  mediates  its  function  in 
maintaining  cell  proliferation  and  survival  at  least  in  part  through 
the  inhibition  of  Gadd45GIPl  expression.  Although  this  is  the 
interpretation  that  we  favor,  other  alternatives  should  be  con¬ 
sidered.  For  example,  it  is  possible  that  Gadd45GIPl,  which  was  the 
focus  in  this  study,  may  not  be  the  only  downstream  target  that 
is  regulated  by  NAC-1.  Our  LongSAGE  data  provide  a  list  of  can¬ 
didate  markers  (Table  1)  for  future  exploration  to  determine  if 
there  is  a  synergistic  or  additive  effect  between  Gadd45GIPl  and 
other  genes  in  mediating  NAC-1  function. 

This  report  also  suggests  that  the  NAC-l-Gadd45GIPl  is  involved 
in  a  protein  network  that  sustains  a  survival  signal  to  cancer  cells. 
Figure  5  is  a  simplified  scheme  to  illustrate  that  survival  signals 
from  two  oncogenic  pathways  converge  to  one  of  the  molecular 


hubs,  which  is  the  Gadd45/Gadd45GIPl.  nuclear  faclor-iT!  (NF-kB) 
is  a  multifunctional  protein,  and  the  NF-kB  pathway  represents  a 
well-known  surviving  signal  in  cancer.  For  example,  inhibition  of 
NF-kB  sensitizes  ovarian  cancer  cells  to  cisplatin  and  paclitaxel- 
induced  apoptosis  (29,  30).  Upon  activation,  NF-kB  translocates  to 
nuclei  and  is  associated  with  c-myc  up-regulation,  which  in  turn 
down-regulates  Gadd45  proteins  (31-33).  Gadd45  interacts  with 
Gadd45GIPl  and  up-regulates  MKK4  through  mitogen-activated 
protein  kinase  kinase  kinase  4/MTK1  activation  (34),  and  Gadd45 
has  been  shown  as  a  functional  tumor  suppressor  (35).  The 
enhanced  MKK4  activity  activates  the  proapoptotic  c-jun-NH2- 
kinase  (JNK)/p38  signaling,  which  results  in  growth  arrest  and 
apoptosis  (32,  36,  37).  Therefore,  during  tumor  development, 
turning  off  the  Gadd45  pathway  seems  to  be  critical  for  cancer  cells 
to  survive  under  cellular  stress  and  to  facilitate  tumor  growth.  In 
this  study,  we  propose  that  in  addition  to  the  established  NF-kB-c- 
myc-Gadd45  pathway,  down-regulation  of  Gadd45GIPl  by  NAC-1 
overexpression  represents  another  molecular  switch  to  turn  off 
the  Gadd45  death  signals  (Fig.  5).  Gadd45GIPl  has  been  shown  to 
directly  bind  to  all  Gadd45  isoforms,  and  more  importantly,  the 
interaction  between  Gadd45GIP  1  and  Gadd45  members  enhances 
the  Gadd45  function  in  a  cell  culture  system  (17).  Therefore,  NAC-1 
contributes  to  tumor  progression  by  suppressing  Gadd45GIPl 
expression,  thus  inhibiting  Gadd45  activity,  preventing  activation  of 
MKK4  and  proapoptotic  p38/JNK  activity. 

It  is  likely  that  in  the  evolution  of  cancer  cell  species,  tumor  cells 
acquire  multiple  strategies  to  inactivate  the  Gadd45  cell  suppressor 
signaling.  In  fact,  overexpression  of  NF-kB  (29,  30),  gene 
amplification  and  transcription  up-regulation  of  c-myc  (38-40), 
and  Gadd45  promoter  methylation  (35,  41,  42)  have  been  reported 
in  human  cancers,  including  ovarian  cancer  cells.  Furthermore,  our 
recent  study  also  showed  that  homozygous  deletion  and  down- 
regulation  of  MKK-4  were  detected  in  ovarian  carcinomas  (43). 
The  above  data,  together  with  the  results  reported  in  this  study, 
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Figure  4.  The  in  vivo  effects  of 
Gadd45GIP1  expression  in  SKOV3 
and  HeLa  xenografts.  A,  induction  of 
Gadd45GIP1  expression  in  SKOV3  cancer 
cells  completely  prevents  tumor  formation 
in  all  eight  nu/nu  mice  (O),  whereas  the 
tumor  volumes  continue  increasing  in 
non-induced  control  group  (•).  S,  induction 
of  Gadd45GIP1  expression  in  HeLa  cells 
almost  completely  prevents  tumor  formation 
in  eight  nu/nu  mice  (O),  whereas  the 
tumor  volumes  continue  increasing 
in  the  non-induced  control  group  (•). 

C,  representative  mouse  from  Gadd45GIP1- 
induced  and  non-induced  group.  No  visible 
or  palpable  tumor  can  be  detected  in 
Gadd45GIP1 -induced  mouse,  whereas  a 
discrete  subcutaneous  tumor  (arrow)  is 
detected  in  a  non-induced  control  mouse. 
The  photograph  was  taken  14  d  after 
Gadd45GIP1  induction. 
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Figure  5.  A  simplified  scheme  to  illustrate 
the  participation  of  NAC-1/Gadd45GIP1  in 
the  Gadd45  tumor  suppressor  pathway. 
Escape  from  the  Gadd45  tumor  suppressor 
pathway  is  important  for  tumor  cells  to 
survive  especially  under  a  cellular  stress 
such  as  hypoxia  and  the  presence  of 
chemotherapeutic  agents.  It  has  been 
known  that  NF-KB/c-myc  inactivates 
Gadd45.  As  shown  in  this  study, 
down-regulation  of  Gadd45GIP1  by 
overexpression  and  homodimerization  of  a 
transcription  repressor,  NAC-1,  represents 
another  molecular  switch  to  turn  off  the 
Gadd45  cell  death  pathway.  Cancer 
cells  thus  evolve  to  evade  Gadd45/ 
Gadd45GIP1-induced  growth  arrest 
and  apoptosis  by  several  molecular 
mechanisms  affecting  different  genes  as 
highlighted  in  parenthesis  beside  the  gene 
names.  The  green  boxes  of  NAC-1 
molecule  indicate  the  BTB/POZ  domain. 
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suggest  that  cancer  cells  may  likely  employ  at  least  a  dual  mole¬ 
cular  system  to  switch  off  the  Gadd45-mediated  growth  suppres¬ 
sion  and  apoptosis,  i.e.,  the  NF-KB/c-myc/Gadd45  pathway  and 
the  NAC-l/Gadd45GIPl  pathway.  This  hypothesis  can  explain  the 
clinical  findings  we  observed  in  which  NAC-1  is  overexpressed  in 
post-chemotherapy-recurrent  tumor  samples  as  compared  with 
the  primary  untreated  specimens  and  also  highlights  the  critical 
role  of  inactivating  the  Gadd45  pathway  in  tumor  development. 

Cancer  mortality  and  morbidity  are  mainly  related  to  recurrent 
diseases.  Because  NAC-1  has  been  shown  to  be  more  frequently 
overexpressed  in  recurrent  chemoresistant  ovarian  carcinomas 
then  in  the  primary  untreated  counterparts,  the  findings  from  the 
current  study  may  have  clinical  implications.  For  example, 
Gadd45GIPl  expression  resulted  in  the  inhibition  of  cellular 
proliferation  in  vitro  and  suppression  of  tumor  growth  in  mice. 
Therefore,  Gadd45GIPl  can  be  further  studied  as  a  new  therapeutic 
target  in  which  Gadd45GIPl  can  be  combined  with  N130  in  treat¬ 
ing  tumors  with  NAC-1  overexpression.  Targeting  both  NAC-1  and 
Gadd45GIPl  at  the  same  time  may  provide  a  more  effective  ther¬ 


apy  because  tumor  resistance  may  likely  develop  after  targeting 
single  agents. 

In  conclusion,  the  results  from  this  study  show  that  Gadd45GIPl 
expression  is  negatively  regulated  by  NAC-1,  a  transcription 
repressor.  Induction  of  Gadd45GIPl  expression  leads  to  growth 
suppression  in  tumor  cells  with  NAC-1  overexpression.  Therefore, 
NAC-1  contributes  to  tumor  growth  and  survival  by  inhibiting 
Gadd45GIPl  expression,  which  has  a  tumor  suppressor  effect  in 
cancer  cells.  Our  observations  provide  new  molecular  insight  into 
how  NAC-1  proteins  contribute  to  tumor  development  and  suggest 
that  enhancing  Gadd45GIPl  expression  can  be  a  new  potential 
therapeutic  approach  in  human  cancer. 
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Abstract.  Salani  R,  Kurman  RJ,  Giuntoli  R,  II,  Gardner  G,  Bristow  R,  Wang  T-L,  Shih  I-M.  Assessment  of 
TP53  mutation  using  purified  tissue  samples  of  ovarian  serous  carcinomas  reveals  a  higher  mutation  rate  than 
previously  reported  and  does  not  correlate  with  drug  resistance.  Int  J  Gynecol  Cancer  2008;18:487-491. 

The  TP53  mutation  frequency  in  ovarian  serous  carcinomas  has  been  reported  to  range  between  50%  and 
80%,  but  a  stringent  analysis  of  TP53  using  purified  epithelial  samples  has  not  yet  been  performed  to  accu¬ 
rately  assess  the  mutation  frequency  and  to  correlate  it  with  the  histologic  grade.  The  purpose  of  this  study 
was  to  assess  the  TP53  mutational  profile  in  a  relatively  large  series  of  high-grade  (53  primary  and  18 
recurrent)  and  13  low-grade  ovarian  serous  tumors  using  DNA  isolated  from  affinity-purified  tumor  cells 
and  to  correlate  it  with  in  vitro  drug  resistance.  All  samples  were  affinity  purified,  and  the  tumor  DNA  was 
analyzed  for  TP53  mutations  in  exons  4-9.  In  vitro  drug  resistance  assays  to  carboplatin,  cisplatin,  pacli- 
taxel,  and  taxotere  were  performed  on  the  same  tumor  samples  and  correlated  with  the  TP53  mutation  status. 
TP53  mutations  were  detected  in  57  (80.3%)  of  71  high-grade  carcinomas  and  in  one  (7.8%)  of  13  low-grade 
serous  tumors  (an  invasive  low-grade  serous  carcinoma).  The  mutations  were  predominantly  missense 
mutations  (59.6%).  TP53  mutations  were  associated  with  high-grade  serous  carcinomas  and  recurrent  dis¬ 
ease  (P  <  0.0001).  There  was  no  statistically  significant  correlation  between  TP53  mutation  status  and  drug 
resistance  assays  or  clinical  stage  (P  >  0.25).  The  frequency  of  TP53  mutations  using  purified  tumor  DNA 
from  ovarian  serous  carcinomas  was  80.3%,  which  is  much  higher  than  previously  reported.  Furthermore, 
we  found  that  TP53  is  not  directly  involved  in  the  development  of  drug  resistance  in  high-grade  ovarian 
serous  carcinomas. 

keywords:  drug  resistance  assays,  serous  ovarian  carcinomas,  TP53  mutation. 


Ovarian  carcinoma  is  the  most  lethal  gynecological 
malignancy  in  the  United  States.  Despite  an  initial 
response  to  primary  treatment,  the  vast  majority  of 
ovarian  carcinomas  recur  and  eventually  result  in 
death.  It  has  been  thought  that  the  high  mortality  of 
ovarian  carcinoma  is  a  direct  result  of  resistance  to 
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chemotherapeutic  agents.  In  an  effort  to  maximize 
chemotherapeutic  effects  and  minimize  side  effects, 
in  vitro  assays  that  measure  extreme  drug  resistance 
have  been  developed  to  determine  the  sensitivity  of 
specific  drugs  on  individual  tumors.  It  has  been  re¬ 
ported  that  the  accuracy  of  this  assay  for  predicting 
chemoresponsiveness  is  better  than  90%n>. 

Although  it  has  been  thought  that  somatic  muta¬ 
tions  of  TP53  could  be  involved  in  drug  resistance®, 
studies  addressing  this  issue  have  been  conflicting. 
For  example,  it  was  reported  that  tumors  with  TP53 
mutations  were  more  responsive  to  paclitaxel, 
whereas  other  studies  have  reported  that  tumors  with 
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TP53  mutations  were  less  sensitive  to  platinum-based 
chemotherapy*3-6*.  On  the  other  hand,  other  reports 
have  failed  to  demonstrate  any  relationship  between 
TP53  mutation  and  chemoresistance17-9*.  The  purpose 
of  the  present  study  was  to  reassess  this  critical  issue 
using  nucleotide  sequencing  on  affinity-purified  ovar¬ 
ian  tumor  cells  on  a  relatively  large  number  of  speci¬ 
mens.  We  focused  our  analysis  on  high-grade  serous 
carcinoma  because  this  is  the  most  common  and  most 
aggressive  ovarian  cancer.  Tumor  recurrence  is  multi¬ 
factorial  and  is  influenced  by  a  variety  of  factors 
including  residual  tumor  volume  after  cytoreductive 
surgery,  emergence  of  chemoresistant  tumor  sub¬ 
clones,  and  the  acquisition  of  new  malignant  pheno¬ 
types,  for  example,  enhanced  proliferation  and  escape 
of  immune  surveillance  during  tumor  progression. 
Accordingly,  rather  than  using  tumor  recurrence  as 
the  outcome  measure,  TP53  mutation  status  was  cor¬ 
related  with  in  intro  drug  resistance  assays. 

Materials  and  methods 

Tissue  selection  and  processing 

All  tumor  specimens  were  collected  from  The  Kelly 
Gynecologic  Oncology  Service  at  The  Johns  Hopkins 
Hospital  between  November  2003  and  March  2006. 
Approval  to  conduct  this  study  was  obtained  from 
The  Johns  Hopkins  Medical  Institutional  Review 
Board.  All  specimens  were  anonymous.  We  analyzed 
71  consecutive  high-grade  ovarian  serous  carcinomas 
and  12  low-grade  serous  tumors  (three  serous  border¬ 
line  tumors,  five  intraepithelial  low-grade  carcinomas, 
and  four  invasive  low-grade  carcinomas).  The  method 
of  isolation  and  affinity  purification  of  tumor  cells 
from  fresh  tumor  samples  has  been  previously 
described*10*.  Briefly,  fragments  of  high-grade  carci¬ 
noma  were  first  minced  into  small  pieces  (~1  mm3) 
and  digested  with  collagenase  A  (2  mg/mL)  at  37°C 
for  40  min.  After  removing  the  undigested  tissue  frag¬ 
ments,  the  digested  specimen  containing  single  tumor 
cells  and  small  tumor  cell  clusters  was  collected, 
washed  in  cold  phosphate-buffered  saline  and  im- 
munosorted  using  an  anti-Ep-CAM  antibody  bound 
to  Dynabeads  Epithelial  Enrich  (Dynal  Biotech,  Oslo, 
Norway)  according  to  manufacturer's  instructions. 
Samples  were  evaluated  and  estimated  to  be  >97% 
pure.  Genomic  DNA  was  purified  using  the  Qiagen 
DNA  blood  mini  kit  (Qiagen,  Valencia,  CA). 

Drug  resistance  assays 

The  results  of  in  vitro  drug  resistance  assays  for  carbo- 
platin,  cisplatin,  paclitaxel,  and  docetaxel  were  ob¬ 


tained  from  the  patients'  clinical  records.  For  this  assay, 
a  small  piece  of  fresh  tumor  tissue  was  sent  to  Onco- 
tech,  Inc.  (Tustin,  CA)  for  in  vitro  drug  resistance 
assays.  Drug  sensitivity  was  determined  by  an  agar- 
based  cell  culture  system  with  radioactive  thymidine 
incorporation  as  the  end  point.  The  protocol  of  the 
assay  has  been  detailed  at  http:/ / www.oncotech.com/ 
innovation/PublicationDetails.asp?id=28.  There  were 
60  cases  in  which  the  results  of  this  assay  were  avail¬ 
able  for  the  correlation  with  the  TP53  mutational  status. 
Drug  resistance  was  classified  as  follows:  1)  low  if 
tumor  cells  were  inhibited  by  the  tested  agent  and 
demonstrated  less  than  median  growth,  2)  intermediate 
if  there  was  moderate  tumor  growth,  and  3)  extreme  if 
tumor  cell  growth  was  virtually  unaffected  by  the  che¬ 
motherapeutic  agent.  As  in  previous  reports,  in  this 
study  extreme  drug  resistance  was  interpreted  as  drug 
resistant,  and  the  intermediate  and  low  drug  resistance 
were  interpreted  as  drug  sensitive11'11*. 

Mutational  analysis 

The  genomic  DNA  isolated  from  the  enriched  tumor 
samples  was  analyzed  for  sequence  mutations  of  the 
TP53  using  primers  for  exons  4-9.  The  polymerase 
chain  reaction  (PCR)  sequencing  primers  are  listed 
in  Table  1 .  PCR  was  first  performed  using  the  follow¬ 
ing  protocol.  An  aliquot  of  1  pL  of  the  purified  DNA 
was  used  in  a  25  pL  PCR  mixture  containing  PCR 
buffer,  10  pM  deoxyribonucleotide  triphosphate,  and 
0.25  U/pL  Platinum  Taq  (Invitrogen,  Carlsbad,  CA). 
The  PCR  protocol  was  as  follows:  denaturation  for  2 
min  at  94°C  followed  by  35  cycles  of  denaturation  at 
94°C  for  30  sec,  annealing  at  57°C  for  30  sec,  and 
extension  at  70°C  for  5  min.  The  PCR  products  were 
then  purified  followed  by  sequencing  reactions 
(Agencourt  Inc.,  Beverly,  MA).  The  nucleotide  se¬ 
quences  were  then  analyzed  using  the  Mutation  Sur¬ 
veyor  program  (Soft  Genetics  LLC,  State  College, 
PA).  The  sequencing  data  were  analyzed  by  two  in¬ 
vestigators  independently.  To  confirm  the  mutations, 
we  resequenced  the  exons  with  p53  mutations  using 
reverse  primers.  The  sequence  data  were  filtered  out 
for  the  well-known  TP53  polymorphism  at  codon  72 
(Arg/Pro),  which  was  not  considered  as  a  mutation 
in  this  study. 

Statistical  analysis 

Statistical  analysis  was  performed  using  the  stand¬ 
ard  Chi-square  test  to  determine  if  TP53  mutations 
correlated  with  tumor  grade  and  drug  resistance 
assays. 
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Table  1.  Nucleotide  sequences  of  primers  used  in  the  study 


Exon 


Forward  primer 


Reverse  primer 


4 

4S“ 

5 

5S“ 

6 

6S“ 

7 

7S“ 

8  and  9 

8  and  9S” 


5 '  -  ACCTGGTCCTCTG  ACTGCT-3 ' 

5  '-AAG  A  ATGC  AGGGGG  ATACG-3 ' 
5'-GGTGCTTAGCATGTTTGTTTC-3' 

5 '  -GCCGTCTTCC  AGTTGCTTTA-3 ' 

5 '  -C  ATG  AGCGCTGCTC  AG  ATAG-3 ' 

5 '  -G  AG  AG  ACG  AC  AGGGCTGGTT-3 ' 
5'-CGACAGAGCGAGATTCCATC-3' 

5  '-CTGCTTGCC  AC  AGGTCTCC-3 ' 

5  '-GGTGGTTGGG  AGTAG  ATGG  A-3 ' 

5  '-ATGGG  ACAGGTAGG  ACCTG  ATT-3 ' 


5 '  -CCC  A  AGTTCC  A  A  AC  A  A  A  AG  A-3 ' 

5 '  -GGCC  AG  ACCTA  AG  AGC  A  ATC  AG-3 ' 
5  '-TTGC  AC  ATCTC  ATGGGGTTA-3 ' 
5'-TGGAAGAAATCGGTAAGAGGTG-3' 
5 '  -  A  AG  A  A  A  ACGGC  ATTTTG  AGTG-3 ' 


“Indicates  sequencing  primer. 


Results 

A  total  of  71  high-grade  ovarian  serous  carcinomas 
and  13  low-grade  tumors  were  evaluated  in  this  study. 
The  median  age  of  the  patients  with  high-grade  serous 
carcinoma  and  low-grade  serous  tumors  (invasive 
low-grade  micropapillary  serous  carcinoma  and 
serous  borderline  tumor)  was  61.5  years  (range  36-88 
years)  and  45.3  years,  respectively.  Fifty-three  speci¬ 
mens  were  collected  at  the  time  of  primary  cytoreduc- 
tion  and  18  were  obtained  at  the  time  of  secondary 
cytoreductive  surgery.  Functional  mutations  were 
defined  as  any  somatic  changes  in  nucleotide  sequence 
that  led  to  structural  changes  of  the  encoded  p53 
protein.  Of  the  71  high-grade  carcinomas,  57  (80.3%) 
demonstrated  TP53  mutations.  All  the  mutations  are 
listed  in  Table  2  after  screening  for  all  known  poly¬ 
morphisms  of  the  TP53  gene  using  the  database  from 
the  International  Agency  for  Research  on  Cancer(12).  In 
contrast,  of  the  13  low-grade  tumors,  only  one  TP53 
mutation  was  detected  (an  invasive  low-grade  micro- 
papillary  serous  carcinoma  [1  bp  deletion  at  212]). 
The  mutations  in  high-grade  serous  carcinomas  were 
grouped  as  follows:  3  splice  site  mutations  (5.3%),  7 
nonsense  mutations  (12.3%),  1  insertion  and  12  dele¬ 
tions  (22.8%),  and  34  missense  mutations  (59.6%). 
Representative  chromatograms  are  shown  in  Figure  1. 
Seven  mutations  were  on  exon  4,  14  mutations  on 
exon  5,  15  mutations  on  exon  6,  14  mutations  on  exon 
7,  6  mutations  on  exon  8,  and  1  mutation  on  exon  9. 
Accordingly,  the  majority  (>98%)  of  mutations  were 
located  in  exons  4-8  which  correspond  to  the  highly 
conserved  DNA-binding  domain  of  the  TP53  protein. 
The  difference  in  the  TP53  mutation  frequency  com¬ 
paring  high-grade  and  low-grade  tumors  is  highly  sig¬ 
nificant  (P  <  0.0001,  Chi-square  test). 

The  data  for  in  vitro  drug  resistance  assays 
were  available  on  60  patients.  Of  these,  44  were 


from  primary  cytoreduction  samples  and  16  from  cy¬ 
toreductive  surgery  for  recurrent  tumors.  Fifty  tumors 
harbored  TP53  mutations  and  ten  contained  wild-type 
TP53.  The  drug  resistance  patterns  were  analyzed  ac¬ 
cording  to  the  locations  of  the  mutations,  that  is,  the 
exon  involved  in  the  mutation,  and  the  types  of  muta¬ 
tions  including  deletion/ insertion,  missense,  nonsense 
or  splice  site  mutations.  We  were  unable  to  find  any 
statistically  significant  association  between  the  TP53 
mutational  status  and  the  drug  resistance  assays  for 
carboplatin  (P  >  0.8),  cisplatin  (P  =  0.58),  paclitaxel 
(P  =  0.26),  and  docetaxel  (P  =  0.62). 

Discussion 

We  have  previously  proposed  a  dualistic  model  for 
the  development  of  ovarian  carcinoma  in  which  muta¬ 
tion  of  p53  plays  an  important  role.  In  that  model, 
ovarian  carcinomas  are  broadly  divided  into  two  cate¬ 
gories  designated  type  I  and  type  II,  which  correspond 
to  two  main  pathways  of  tumorigenesis.  Type  I  tu¬ 
mors  are  composed  of  low-grade  micropapillary 
serous  carcinomas,  mucinous  carcinomas,  endome¬ 
trioid  carcinomas,  malignant  Brenner  tumors,  and 
clear  cell  carcinomas<13).  With  the  exception  of  clear 
cell  carcinoma  which  is  typically  high-grade,  they  tend 
to  be  low-grade  neoplasms  that  arise  in  a  stepwise 
fashion  from  borderline  tumors.  Mutation  of  TP53  is 
rarely  found  in  these  tumors.  In  contrast,  type  II  tu¬ 
mors  are  high-grade  aggressive  neoplasms.  Morpho¬ 
logically  recognizable  precursor  lesions  have  not  been 
identified,  and  therefore,  they  have  been  described 
as  developing  "de  novo"a4\  Mutation  of  p53  has  been 
frequently  detected  in  these  tumors.  Thus,  the  high 
frequency  (80.3%)  of  TP53  mutations  in  high-grade 
serous  carcinomas  and  rare  mutations  in  low-grade 
serous  tumors  (7.7%)  as  reported  in  this  study  further 
supports  this  dualistic  model. 
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Table  2.  TP53  mutation  status  in  high-grade  ovarian  serous 
carcinomas 


Case 

no. 

Mutated 

exon 

Nucleotide  change 

Amino  acid 
change 

HGl 

E4 

3'Intron-lst  bp  G  to  A 

Splicing  site 

HG2 

E4 

136-1  bp  insertion 

46;  Insertion 

HG3 

E4 

159;  TGG  to  TGA 

53;  W  to  stop 

HG4 

E4 

159;  TGG  to  TGA 

53;  W  to  stop 

HG5 

E4 

264-1  bp  deletion 

89;  deletion 

HG6 

E4 

400;  TTT  to  GTT 

134;  F  to  V 

HG7 

E5 

5'Intron-lst  bp  G  to  T 

Splicing  site 

HG8 

E5 

416-1  bp  deletion 

139;  deletion 

HG9 

E5 

434;  CTG  to  CGG 

145;  L  to  R 

HG10 

E5 

438;  TGG  to  TGA 

147;  W  to  stop 

HG11 

E5 

452;  CCC  to  CAC 

151;  P  to  H 

HG12 

E5 

466-486-21  bp  deletion 

156-172;  deletion 

HG13 

E5 

468-469-2  bp  deletion 

156;  deletion 

HG14 

E5 

488;  TAC  to  TGC 

163;  Y  to  C 

HG15 

E5 

488;  TAC  to  TGC 

163;  Y  to  C 

HG16 

E5 

517;  GTG  to  ATG 

173;  V  to  M 

HG17 

E5 

524;  CGC  to  CAC 

175;  R  to  H 

HG18 

E5 

524;  CGC  to  CAC 

175;  R  to  H 

HG19 

E5 

524;  CGC  to  CAC 

175;  R  to  H 

HG20 

E5 

524;  CGC  to  CAC 

175;  R  to  H 

HG21 

E6 

566-581-16  bp  deletion 

189-194;  Deletion 

HG22 

E6 

568;  CGG  to  TGG 

190;  R  to  W 

HG23 

E6 

568;  CGG  to  TGG 

190;  R  to  W 

HG24 

E6 

578;  CAT  to  CGT 

193;  H  to  R 

HG25 

E6 

581;  CTT  to  CGT 

194;  L  to  R 

HG26 

E6 

584;  ATC  to  ACC 

195;  I  to  T 

HG27 

E6 

596;  AGG  to  ATG 

199;  R  to  M 

HG28 

E6 

614;  TAT  to  TGT 

205;  Y  to  C 

HG29 

E6 

625-626-2  bp  deletion 

209;  Deletion 

HG30 

E6 

637;  CGA  to  TGA 

213;  R  to  stop 

HG31 

E6 

638;  CGA  to  CTA 

213;  R  to  L 

HG32 

E6 

641;  CAT  to  CGT 

214;  H  to  R 

HG33 

E6 

643;  AGT  to  CGT 

215  S  to  R 

HG34 

E6 

647- 1  bp  deletion 

216;  Deletion 

HG35 

E6 

653;  GTG  to  GAG 

218;  V  to  Q 

HG36 

E6 

659;  TAT  to  TGT 

220;  Y  to  C 

HG37 

E7 

5'  Intron-2nd 
bp  A  to  G 

Splicing  site 

HG38 

E7 

686-687-2bp  deletion 

229;  Deletion 

HG39 

E7 

712;  TGT  to  AGT 

238;  C  to  S 

HG40 

E7 

715;  AAC  to  TAC 

239;  N  to  Y 

HG41 

E7 

723-  TCC  to  TTC 

239;  S  to  F 

HG42 

E7 

723-1  bp  deletion 

241;  Deletion 

HG43 

E7 

742;  CGG  to  TGG 

248;  R  to  W 

HG44 

E7 

742;  CGG  to  TGG 

248;  R  to  W 

HG45 

E7 

742;  CGG  to  TGG 

248;  R  to  W 

HG46 

E7 

742;  CGG  to  TGG 

248;  R  to  W 

HG47 

E7 

743;  CGG  to  CAG 

248;  R  to  Q 

HG48 

E7 

747;  AGG  to  AGT 

249;  R  to  S 

HG49 

E7 

772-782-11  bp  deletion 

258-261;  Deletion 

HG50 

E7 

777;  GAT  to  GTT 

259;  D  to  V 

HG51 

E8 

783-791-9  bp  deletion 

262-264;  Deletion 

HG52 

E8 

809;  TTT  to  TGT 

270;  F  to  C 

HG53 

E8 

818;  CGT  to  CAT 

272;  R  to  H 

HG54 

E8 

880;  GAG  to  TAG 

293;  E  to  stop 

Continued 


Table  2.  Continued 


Case 

no. 

Mutated 

exon 

Nucleotide  change 

Amino  acid 
change 

HG55 

E8 

880;  GAG  to  TAG 

293;  E  to  stop 

HG56 

E8 

916;  CGA  to  TGA 

306;  R  to  stop 

HG57 

E9 

964-1  bp  deletion 

322;  Deletion 

HG58 

WT 

HG59 

WT 

HG60 

WT 

HG61 

WT 

HG62 

WT 

HG63 

WT 

HG64 

WT 

HG65 

WT 

HG66 

WT 

HG67 

WT 

HG68 

WT 

HG69 

WT 

HG70 

WT 

HG71 

WT 

The  higher  frequency  of  TP53  mutations  in  high- 
grade  serous  carcinomas  in  this  study  compared  to 
previous  reports  can  be  explained  by  the  approaches 
that  were  used  in  this  study,  particularly  the  use  of 
affinity-purified  tumor  cells.  Contamination  of  DNA 
in  tumor  samples  by  stromal  cells  can  significantly 
reduce  the  sensitivity  of  mutation  detection.  Further¬ 
more,  sequencing  of  DNA  obtained  from  paraffin- 
embedded  tissues  is  prone  to  sequencing  artifacts. 
This  study  illustrates  the  importance  of  using  enriched 
fresh  tumor  samples  for  molecular  genetic  analysis  to 
accurately  assess  the  frequency  of  genetic  alterations. 
Approximately  20%  of  high-grade  serous  carcinomas 


a)  HG38 


-T-: . -A-e-e-. 


2  bp  deletion 


b)  HG53 


CAT  to  CGT 


Figure  1.  Examples  of  chromatograms  of  TP53  mutations,  a)  2  bp 
deletion  at  bp  686-687,  b)  point  missense  mutation  at  bp  818. 
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analyzed  in  this  study  did  not  harbor  TP53  mutations 
in  exons  4-9.  Although  the  vast  majority  of  TP53  mu¬ 
tations  reside  in  those  exons,  it  is  likely  that  rare  muta¬ 
tions  may  occur  in  other  exons,  and  thus,  the  actual 
frequency  of  TP53  mutations  may  be  even  higher  than 
80.3%.  Likewise,  molecular  alterations  in  other  genes 
in  the  p53  pathway  could  also  occur  in  those  samples 
without  p53  mutations.  For  example,  overexpression 
of  HDM2,  which  promotes  ubiqutin-dependent  pro- 
teasomal  p53  degradation,  has  been  found  in  TP53 
wild-type  bladder  tumorsll5).  Nevertheless,  our  find¬ 
ings  suggest  that  aberration  in  the  p53  pathway  is 
probably  the  most  prevalent  molecular  alteration  in 
ovarian  high-grade  serous  carcinomas. 

Although  a  small  study  set,  the  lack  of  a  statistically 
significant  correlation  between  TP53  mutation  and 
in  vitro  drug  resistance  status  suggests  that  TP53  mu¬ 
tations  are  not  involved  in  the  development  of  drug 
resistance  to  carboplatin,  cisplatin,  paclitaxel,  and  do- 
cetaxel.  This  is  not  surprising,  as  TP53  mutation  ap¬ 
pears  to  be  an  early  event  in  tumor  development  of 
ovarian  high-grade  serous  carcinomas. 

In  conclusion,  the  current  study  using  affinity- 
purified  tumor  samples  confirmed  that  TP53  mutation 
occurs  in  approximately  80%  of  high-grade  ovarian 
serous  carcinomas.  The  study  also  showed  that  there 
is  no  significant  correlation  between  in  vitro  drug 
resistance  assays  and  TP53  mutations.  As  most  of  the 
patients  were  treated  within  the  last  3  years,  it  will  be 
important  in  the  future  to  correlate  TP53  mutation  sta¬ 
tus  with  disease-free  interval  and  overall  survival. 
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Abstract 

Rsf-1  interacts  with  human  sucrose  nonfermenting  protein  2 
homologue  (hSNF2H)  to  form  a  chromatin  remodeling 
complex  that  participates  in  several  biological  processes.  We 
have  previously  shown  that  Rsf-1  gene  amplification  was 
associated  with  the  most  aggressive  type  of  ovarian  cancer  and 
cancer  cells  with  Rsf-1  overexpression  depended  on  Rsf-1  to 
survive.  In  this  report,  we  determine  if  formation  of  the  Rsf-1/ 
hSNF2H  complex  could  be  one  of  the  mechanisms  contributing 
to  tumor  cell  survival  and  growth  in  ovarian  carcinomas. 
Rased  on  immunohistochemistry,  we  found  that  Rsf-1  and 
hSNF2H  were  co-upregulated  in  ovarian  cancer  tissues.  Ectopic 
expression  of  Rsf-1  in  SK0V3  ovarian  cancer  cells  with 
undetectable  endogenous  Rsf-1  expression  enhanced  hSNF2H 
protein  levels  and  promoted  SKOV3  tumor  growth  in  a  mouse 
xenograft  model.  Our  studies  also  indicated  that  induction  of 
Rsf-1  expression  affected  the  molecular  partnership  of  hSNF2H 
and  translocated  hSNF2H  into  nuclei  where  it  colocalized  with 
Rsf-1.  Furthermore,  analysis  of  Rsf-1  deletion  mutants  showed 
that  the  Rsf-D4  fragment  contained  the  hSNF2H  binding  site 
based  on  coimmunoprecipitation  and  in  vitro  competition 
assays.  As  compared  with  other  truncated  mutants,  expression 
of  Rsf-D4  resulted  in  remarkable  growth  inhibition  in  ovarian 
cancer  cells  with  Rsf-1  gene  amplification  and  overexpression, 
but  not  in  those  without  detectable  Rsf-1  expression.  The  above 
findings  suggest  that  interaction  between  Rsf-1  and  hSNF2H 
may  define  a  survival  signal  in  those  tumors  overexpressing 
Rsf-1.  [Cancer  Res  2008;68(  I  I  ):4050-7] 

Introduction 

Gene  amplification  represents  one  of  the  molecular  genetic 
hallmarks  in  human  cancer.  Elucidating  the  molecular  mecha¬ 
nisms  of  how  amplified  genes  maintain  malignant  phenotypes  and 
propel  tumor  progression  is  fundamental  in  understanding  the 
molecular  etiology  of  human  cancer  and  would  have  therapeutic 
implications.  Previous  genome-wide  analysis  using  digital  karyo¬ 
typing  (1)  has  identified  a  novel  amplicon  at  chromosome  llql3.5 
in  high-grade  serous  carcinomas,  the  most  common  and  malignant 
type  of  ovarian  cancer  (2).  Ilql3.5  amplification  occurs  in  13%  to 
15%  of  ovarian  serous  carcinoma  based  on  fluorescence  in  situ 
hybridization  analysis  (2,  3)  and  the  amplification  is  significantly 
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associated  with  a  shorter  overall  survival  in  patients  with  ovarian 
serous  carcinoma  (2).  In  addition  to  ovarian  carcinoma,  the 
llql3.5  region  is  found  to  be  amplified  in  other  types  of  neoplastic 
diseases  including  breast,  bladder,  esophageal,  and  head  and  neck 
cancers  (4). 

Among  the  genes  within  the  llql3.5  amplicon,  Rsf-1  (also  known 
as  HBXAPo. )  was  proposed  as  a  candidate  cancer-associated  gene 
because  it  showed  the  highest  correlation  between  DNA  copy 
number  and  RNA  copy  number  in  ovarian  cancer  tissues.  Rsf-1 
protein  partners  with  human  sucrose  nonfermenting  protein  2 
homologue  (hSNF2H;  also  known  as  SMARCA5)  to  form  the 
RSF  complex,  which  belongs  to  the  ISWI  family  of  chromatin 
remodelers  (5).  In  this  complex,  Rsf-1  functions  as  a  histone 
chaperone  to  modulate  DNA  binding  activity  of  RSF  complex, 
whereas  hSNF2H  possesses  nucleosome-dependent  ATPase 
and  helicase  activities  for  DNA  unwinding  (5).  In  addition,  Rsf-1 
protein  contains  a  novel  PHD  zinc  finger  domain,  which  has 
been  shown  to  participate  in  protein-protein  interaction  and 
transcriptional  regulation  (6,  7).  The  Rsf-l/hSNF2H  complex 
(RSF  complex)  mobilizes  nucleosomes  to  remodel  the  chroma¬ 
tin  structure  in  response  to  a  variety  of  growth  signals  and 
environmental  cues.  It  has  been  shown  that  such  nucleosomal 
remodeling,  as  occurs  in  many  ISWI  and  SWI/SNF  complexes,  is 
essential  for  transcriptional  activation  or  repression  (8-10),  DNA 
replication  (11),  and  cell  cycle  progression  (12).  Recently,  a  growing 
body  of  evidence  has  accumulated  to  support  a  novel  role  of 
chromatin  remodeling  in  cancer  (13-19).  The  change  in  the 
homeostasis  of  Rsf-1  and  hSNF2H  protein  may  be  related  to  the 
aggressive  behavior  of  tumors  with  Rsf-1  gene  amplification  and 
overexpression. 

Although  alterations  of  chromatin  structures  have  been  linked  to 
cancer  development,  the  molecular  mechanisms  underlying  how 
Rsf-1  gene  amplification  and  overexpression  contribute  to  tumor 
progression  are  largely  unknown.  Our  previous  studies  have  shown 
that  higher  RNA  or  protein  levels  of  Rsf-1  are  associated  with  the 
most  aggressive  type  of  ovarian  cancer  (2,  20)  and  a  shorter  overall 
survival  in  cancer  patients  (2,  21).  Furthermore,  Rsf-1  gene 
knockdown  inhibited  cell  growth  in  ovarian  cancer  cells  that 
harbor  Rsf-1  amplification,  but  not  in  cell  lines  without  Rsf-1 
overexpression,  suggesting  an  important  role  of  Rsf-1  amplification 
in  maintaining  survival  and  growth  in  ovarian  cancer.  In  this  study, 
we  address  if  interactions  between  Rsf-1  and  hSNF2H  proteins  are 
required  for  survival  and  growth  of  cancer  cells. 

Materials  and  Methods 

Tissue  microarrays  and  immunohistochemistry.  One  hundred  sixty- 
three  paraffin-embedded  high-grade  ovarian  serous  carcinoma  tissues  were 
obtained  from  the  Department  of  Pathology  at  the  Johns  Hopkins  Hospital. 
Acquisition  of  tissue  specimens  was  approved  by  the  institutional  review 


Cancer  Res  2008;  68:  (11).  June  1,  2008 


4050 


www.aacrjournals.org 


Appendix  #14 

f  Complex  m  Ovariar 


Rsf-1/hSNF2H  Complex  in  Ovarian  Cancer 


board.  Tissue  microarrays  (triplicate  1.5-mm  cores  from  each  specimen) 
were  prepared  to  facilitate  immunohistochemistry  using  an  EnVision+ 
System  peroxidase  kit  (DAKO)  with  an  antibody  dilution  of  1:1,000  for  the 
anti-Rsf-1  antibody  (Upstate)  and  1:1,000  for  the  anti-hSNF2H  antibody 
(Upstate).  Immunointensity  was  independently  scored  by  two  investigators 
based  on  nuclear  immunoreactivity  and  labeled  as  negative  (0),  weakly 
positive  (1+),  moderately  positive  (2+),  strongly  positive  (3+),  and  intensely 
positive  (4+).  For  discordant  cases,  a  third  investigator  scored  the  intensity 
and  the  final  intensity  score  was  determined  by  the  majority  scores. 

Inducible  constructs  and  Rsf-1 -inducible  cell  clones.  The  full-length 
Rsf-1  gene  was  tagged  with  a  V5  epitope  at  the  COOH  terminus  and  was 
then  cloned  into  Tet-off  expression  vectors,  pBI  or  pTRE-hygro  (Clontech). 
Parental  RK3E  and  SKOV3  cells  were  transfected  with  a  tetracycline- 
controlled  transactivator  (tTA)  expression  vector.  The  inducible  Rsf-1 
expression  vectors  were  constructed  and  introduced  into  the  RK3E-tTA  and 
SKOV3-tTA  cells,  and  the  stable  transfectants  were  selected.  Transfection 
was  done  with  Lipofectamine  (Invitrogen)  according  to  the  manufacturer’s 
protocol.  To  determine  the  efficiency  of  Rsf-1  induction  in  the  Tet-off 
system,  we  carried  out  Western  blots  to  analyze  Rsf-1  protein  expression  at 
different  time  points  after  induction.  The  method  of  Western  blot  with  the 
anti-Rsf-1  antibody  has  previously  been  described  (2,  22). 

Double  immunofluorescence  staining.  Rsf-1 -inducible  RK3E  cells 
were  used  to  determine  whether  Rsf-1  and  hSNF2H  colocalized  in  the  same 
cellular  compartment.  The  inducible  cells  grown  on  chamber  slides  (Nunc) 
were  transfected  with  an  hSNF2H-expressing  vector  tagged  with  an  Xpress 
epitope  at  the  NH2  terminus.  Cells  were  washed  with  doxycycline- 
containing  or  doxycycline-free  medium  to  turn  off  or  turn  on  the  Rsf-1 
gene,  respectively.  Forty-eight  hours  after  transfection,  cells  were  fixed  and 
incubated  with  an  anti-Xpress  antibody  (Invitrogen)  to  detect  hSNF2H, 
followed  by  a  FITC-conjugated  goat  anti-V5  antibody  (QED  Bioscience)  to 
detect  Rsf-1.  The  cells  were  then  incubated  with  a  rhodamine-conjugated 
antimouse  antibody  (Jackson  ImmunoResearch  Laboratories). 

Coimmunoprecipitation.  A  series  of  Rsf-1  deletion  mutants  (Rsf-Dl  to 
Rsf-DIO)  were  cloned  into  pcDNA6/V5,  which  was  used  to  transfect  a  stable 
HEK293  cell  line  constitutively  expressing  hSNF2H  tagged  with  an  Xpress 
epitope  at  the  NH2  terminus  (Invitrogen).  Forty-eight  hours  after 
transfection,  cells  were  lysed  and  deletion  mutant  proteins  were  pulled 
down  by  anti-V5  agarose  (Sigma)  and  immunoblotted  with  an  anti-Xpress 
antibody  to  detect  hSNF2H  protein.  For  the  competition  assay,  recombinant 
Rsf-1  deletion  mutant  protein,  Rsf-D4,  was  expressed  and  purified  by  a 
PET27b  E.  coli  purification  system  (Novagen).  Rsf-D4  protein  was  added 
into  cell  lysate  at  different  concentrations  from  0  to  50  pg/mL  during 
coimmunoprecipitation  to  compete  with  full-length  Rsf-1  protein  for 
hSNF2H  binding.  Coimmunoprecipitation  was  also  done  to  assess  the 
hSNF2H  binding  proteins.  The  anti-BAZIA  antibody  (clone  1F6)  was 
purchased  from  Abnova,  and  the  anti-BAZlB  (W3614)  was  purchased  from 
Sigma.  The  cell  lysate  was  prepared  from  OVCAR3  cells  treated  with  Rsf-1 
shRNA  or  vector  control.  Cell  lysate  was  also  prepared  from  SKOV3  cells 
with  Rsf-1  gene  turned  on  or  turned  off.  The  lysate  was  then  equally 
aliquoted  into  three  parts,  and  immunoprecipitation  was  done  with  anti- 
Rsf-1,  anti-BAZIA,  and  anti-BAZlB  antibodies.  The  immunoprecipitates 
were  immunoblotted  with  an  anti-hSNF2H  antibody. 

Quantitative  real-time  PCR.  PCR  reactions  were  done  using  an  iCycler 
(Bio-Rad),  and  the  threshold  cycle  numbers  (Ct)  were  obtained  using  the 
iCycler  Optical  system  interface  software.  Mean  Ct  of  the  gene  of  interest 
was  calculated  from  duplicate  measurements  and  normalized  with  the 
mean  Ct  of  a  control  gene,  (3-amyloid  precursor  protein  (APP),  for  which 
expression  is  relatively  constant  among  the  serial  analysis  of  gene 
expression  (SAGE)  libraries  analyzed  (23).  In  cases  where  no  gene 
expression  was  observed,  a  cutoff  Ct  value  of  45  cycles  was  used.  Data 
were  expressed  as  fold  increase  or  decrease  as  compared  with  the  gene 
turned-off  or  vector  control  samples.  We  considered  a  change  exceeding 
2-fold  (8Ct  >  1)  to  be  significant  in  this  study. 

Cell  growth  and  apoptosis  assays.  OVCAR3  ovarian  cancer  cells 
transfected  with  Rsf-1  deletion  mutants  and  empty  vector  were  grown  in 
96-well  plates  at  a  density  of  3,000  per  well.  To  determine  similar 


expression  levels  of  deletion  mutants,  the  deletion  mutant  constructs  were 
cloned  into  the  pBI  vector,  which  coexpressed  green  fluorescent  protein 
(GFP)  in  transfected  cells.  We  also  generated  a  new  OVCAR3-tTA  cell 
clone  with  a  high  transfection  efficiency  using  the  Amaxa  transfection  kit 
(T  buffer  with  program  T-16)  and  these  OVCAR3-tTA  cells  were  used  for 
cell  growth  and  apoptosis  assays.  We  observed  a  similar  percentage  of 
transfected  cells  with  equal  green  fluorescence  signals  in  all  transfection 
groups  after  the  second  day  of  transfection,  suggesting  a  similar 
transfection  efficiency  for  each  construct.  Cell  number  was  measured 
4  d  after  transfection  based  on  the  fluorescence  intensity  of  SYBR  Green  I 
nucleic  acid  staining  (Molecular  Probes).  Cell  growth  on  Rsf-D4- 
transfected  OC24  and  RK3E  cells  was  monitored  daily  for  4  consecutive 
days  with  SYBR  Green  I  staining.  Bromodeoxyuridine  (BrdUrd)  uptake  and 
staining  were  done  with  a  cell  proliferation  kit  (Amersham)  as  previously 
described  (2).  For  apoptosis  assay,  apoptotic  cells  were  detected  by 
staining  with  Annexin  V-FITC  (BioVision).  The  percentages  of  BrdUrd- 
positive  and  Annexin  V-positive  cells  were  determined  by  counting  at 
least  400  cells  from  different  fields  for  each  experiment.  The  data  were 
expressed  as  mean  ±  SD  from  triplicates. 

Tumor  xenograft  in  nude  mice.  Rsf-1 -inducible  SKOV3  cells  were 
injected  into  the  s.c.  tissue  of  athymic  nu/nu  mice  (5  x  106  cells  per 
injection;  five  mice  with  10  injection  sites  for  each  group).  Doxycycline 
(125  pg/mouse)  was  i.p.  injected  everyday  to  suppress  Rsf-1  gene 
expression  in  the  Rsf-1  turned-off  control  mice.  For  the  Rsf-1  turned-on 
group,  mice  were  treated  with  equal  volume  of  PBS.  Tumor  volume  was 
measured  every  3  d  and  tumors  were  excised  and  weighed  at  day  51. 
Tumors  from  turned-on  and  turned-off  groups  were  evaluated  for  Rsf-1 
induction  using  anti-V5  antibody  staining  (Invitrogen)  on  paraffin- 
embedded  tumor  sections. 

SAGE  data  analysis.  Analysis  of  gene  expression  using  the  SAGE  data 
has  previously  been  described  (24,  25).  Briefly,  ovarian  SAGE  libraries 
including  the  ovarian  surface  epithelial  cells  (OSE4)  and  ovarian  cancer  cell 
lines  (MPSC1,  ES2,  A2780,  and  OVCAR3)  were  retrieved  from  the  SAGE 
database4  and  previously  established  data  (26,  27).  The  UniGene  was 
searched  for  the  protein  of  interest,  and  the  appropriate  match  was  chosen 
based  on  its  specificity  for  the  protein  and  number  of  sequences.  The 
transcript  expression  levels  were  normalized  as  the  number  of  tags  per 
100,000  tags  in  each  library. 

Results 

Coexpression  of  Rsf-1  and  hSNF2H.  hSNF2H  has  been  shown 
to  directly  interact  with  Rsf-1  to  form  a  chromatin  remodeling 
complex,  RSF  (5),  but  the  evidence  to  support  such  interaction  in 
cancer  cells  has  not  yet  been  shown.  Here,  we  observed  that  both 
Rsf-1  and  hSNF2H  immunoreactivity  were  located  in  the  nuclei  of 
tumor  cells  (Fig.  1  A)  and  showed  a  significant  association  (P  = 
0.048)  with  Rsf-1  and  hNSF2H  immunointensity  on  the  same 
specimens  based  on  test  (Table  1).  Second,  we  carried  out 
coimmunoprecipitation  and  showed  that  Rsf-1  protein  interacted 
with  hSNF2H  protein  in  an  ovarian  cancer  cell  line,  OVCAR3,  which 
is  known  to  contain  Rsf-1  amplification  (Fig.  IS;  ref.  2).  Next,  we 
asked  whether  induction  of  Rsf-1  expression  enhanced  the  protein 
level  of  hSNF2H.  An  inducible  (Tet-off)  Rsf-1  expression  system  was 
generated  in  the  SKOV3  cell  line,  which  did  not  harbor  Rsf-1 
amplification  or  express  a  detectable  level  of  endogenous  Rsf-1. 
After  induction  of  Rsf-1,  an  increased  amount  of  both  Rsf-1  and 
hSNF2H  protein  levels  was  found  in  a  time-dependent  manner 
(Fig.  1C).  In  contrast  to  the  significantly  increased  protein  level, 
hSNF2H  mRNA  level,  as  measured  at  6  hours  after  Rsf-1  induction, 
increased  only  by  1.04-fold.  In  addition,  ectopic  expression  of 


4  http://www.hlm.nih.gov/SAGE/ 
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Figure  1.  Co-upregulation  of  Rsf-1  and  hSNF2H  expression  in  ovarian  carcinoma  cells.  A,  immunohistochemistry  with  anti-Rsf-1  and  anti-hSNF2H  antibodies  on 
ovarian  serous  carcinoma  tissues.  Representative  tissue  sections  with  different  immunointensity  (from  1+  to  4+)  of  Rsf-1  and  hSNF2H.  For  each  intensity  group, 
both  sections  were  obtained  from  similar  areas  of  the  same  specimen.  B,  coimmunoprecipitation  was  done  to  assess  if  Rsf-1  protein  forms  a  complex  with  hSNF2H 
protein  in  OVCAR3  cells.  Protein  lysate  was  pulled  down  with  an  anti-Rsf-1  antibody,  separated  by  gel  electrophoresis,  and  visualized  by  silver  staining  ( lane  1). 
Western  blotting  was  done  to  show  that  the  major  proteins  in  the  pulled  down  fraction  were  Rsf-1  with  a  molecular  weight  of  -215  kDa  (black  arrow)  and  a  degradation 
product  of  -  130  kDa  (gray  arrow,  lane  3)  and  hSNF2H  protein  with  a  molecular  weight  of  -  146  kDa  (open  arrow,  lane  5).  Protein  G  alone  was  used  as  the  control  in 
immunoprecipitation  in  lanes  2,  4,  and  6.  C,  SKOV3  ovarian  cancer  line,  which  expresses  an  undetectable  level  of  endogenous  Rsf-1 ,  was  engineered  to  express 
Rsf-1  controlled  by  a  Tet-off  system.  Rsf-1  induction  increased  the  hSNF2H  protein  level  in  a  time-dependent  fashion  based  on  Western  blotting  analysis.  D,  Western 
blot  analysis  showed  no  increase  in  Rsf-1  protein  level  in  HEK293  cells,  which  were  previously  engineered  to  overexpress  hSNF2H  (lane  2)  as  compared  with  the 
parental  cell  control  ( lane  1).  OVCAR3  cells  served  as  the  positive  control  for  this  assay  (lane  3).  Glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  was  used  as 
the  loading  control. 


hSNF2H  in  HEK293  cells  did  not  enhance  Rsf-1  protein  level 
(Fig.  ID).  The  above  findings  suggest  that  Rsf-1  proteins  may 
function  to  stabilize  hSNF2H  protein  level  in  cancer  cells. 

Induction  of  Rsf-1  expression  promotes  tumor  growth  in 
SKOV3  xenografts.  As  an  attempt  to  determine  whether  Rsf-1 
protein  up-regulation  contributes  to  tumor  growth,  we  used  the 
SKOV3  xenograft  model  in  nude  mice.  Before  s.c.  injection,  we 
analyzed  Rsf-1  mRNA  level  in  SKOV3-Rsf-l  Tet-off  cells  and  found 


that  its  expression  level  gradually  increased  to  a  level  that  was 
comparable  to  that  in  Rsf-1  -amplified  ovarian  carcinoma  tissues 
(Fig.  2 A).  As  compared  with  noninduced  tumors,  Rsf-l-induced 
tumors  grew  much  faster  and  had  an  increased  tumor  weight  ( P  < 
0.01;  Fig.  2 B-D).  Immunohistochemistry  of  the  tumors  excised  at 
the  time  of  sacrifice  showed  diffuse  Rsf-1  nuclear  staining  in  tumor 
cells  in  the  Rsf-l-induced,  but  not  the  noninduced,  group, 
indicating  a  sustained  Rsf-1  expression  in  xenografts  after  Rsf-1 


Table  1.  hSNF2H  and  Rsf-1  immunointensity  in  high-grade  ovarian  serous  carcinomas 


Rsf-1  immunointensity 

hSNF2H  immunointensity 
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NOTE:  P  =  0.048. 
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induction.  Consistent  with  increased  tumor  sizes  in  Rsf-l-induced 
tumors,  the  mitotic  count  (mitoses  per  100  tumor  cells)  in  the  Rsf- 
l-induced  tumors  was  1.67  ±  0.34,  which  was  significantly  higher 
than  0.87  ±  0.27  in  noninduced  tumors  (P  <  0.05).  We  did  not 
observe  any  significant  difference  between  Rsf-l-induced  tumors 
and  noninduced  controls  in  tumor  cell  morphology,  blood  vessel 
density,  and  invasiveness  into  surrounding  soft  tissues. 

Rsf-l/hSNF2H  complex  is  the  predominant  chromatin 
remodeling  complex  in  Rsf-1 -overexpressing  cells.  SNF2H- 
containing  complexes  (belonging  to  the  ISWI  subfamily)  have  been 
reported  in  mammalian  cells  and  they  included  RSF,  CHRAC,  ACF/ 
WCRF,  NoRC,  and  WICH  (28-32).  Each  complex  contains  subunits 
that  may  regulate  the  specificity  or  catalytic  activity  of  SNF2H.  For 
example,  RSF  contains  Rsf-1  and  SNF2H  (5);  ACF /WCRF  contains 
BAZ1A  (also  known  as  ACF1  or  WCRF180)  and  SNF2H  (29);  and 
WICH  contains  BAZ1B  (also  known  as  WSTF)  and  SNF2H  (30). 
Because  Rsf-1  is  one  of  the  binding  partners  for  SNF2H,  we  assessed 
the  cellular  localization  of  both  Rsf-1  and  SNF2H  in  an  Rsf-1- 
inducible  cell  line,  RK3E.  Immunofluorescence  staining  revealed  that 
hSNF2H  protein  was  diffusely  distributed  in  both  cytoplasm  and 
nuclear  compartments  when  Rsf-1  was  turned  off  (Fig.  3 A).  On  Rsf-1 
induction,  Rsf-1  protein,  which  contains  several  nucleus  localization 
signal  sites,  was  overexpressed  in  the  nuclei.  Interestingly,  hSNF2H 
was  translocated  into  nuclei  and  colocalized  with  Rsf-1  (Fig.  3A). 

To  determine  the  gene  expression  of  the  candidate  binding 
partners  of  hSNF2H  in  ovarian  cancer  cells,  we  analyze  the  SAGE 
database.  Among  those  binding  partners,  we  found  that  Rsf-1, 
BAZ1A,  BAZ1B,  and  BAZ2A  were  abundantly  expressed  in  ovarian 
cancer  cell  lines  including  OVCAR3,  A2780,  ES2,  and  MPSC1, 
whereas  their  expression  levels  were  relatively  low  in  the  OSE4  cell 
line,  which  was  derived  from  normal  ovarian  surface  epithelium 
(Supplementary  Fig.  SI).  Of  notice,  Rsf-1  represented  the  major 
binding  partner  for  hSNF2H  expressed  in  OVCAR3  cells  that 
amplified  the  Rsf-1  locus. 


Because  Rsf-1  was  found  to  be  overexpressed  in  tumor  cells,  it  is 
possible  that  in  those  cells,  excessive  Rsf-1  molecules  compete  with 
other  SNF2H  binding  partners  for  SNF2H  binding.  To  address  this 
possibility,  we  carried  out  immunoprecipitation  to  determine  the 
association  of  representative  SNF2H  binding  partners,  including 
BAZ1A,  BAZ1B,  and  Rsf-1,  with  hSNF2H  on  Rsf-1  induction  in 
SKOV3  cells  and  Rsf-1  knockdown  in  OVCAR3  cells.  BAZ2A  was 
not  analyzed  here  because  the  antibody  reacting  to  BAZ2A  was  not 
currently  available.  In  SKOV3  cells  with  Rsf-1  induction,  the  protein 
level  of  hSNF2H  that  was  coimmunoprecipitated  with  Rsf-1  was 
significantly  increased  whereas  its  level  of  coimmunoprecipitation 
with  BAZ1A  and  BAZ1B  was  significantly  reduced  as  compared 
with  the  SKOV3  cells  without  Rsf-1  induction  (Fig.  3 B).  In  the  Rsf-1 
shRNA  approach,  down-regulation  of  Rsf-1  significantly  reduced 
the  level  of  Rsf-l/hSNF2H  complex  and  enhanced  the  formation  of 
BAZlA/hSNF2H  and  BAZlB/hSNF2H  complexes  (Fig.  3C).  The 
above  results  indicated  that  Rsf-1  overexpression,  as  occurred  in 
Rsf-l-amplified  tumors,  “hijacked”  hSNF2H  from  other  partners  to 
the  Rsf-1  complex 

Mapping  of  hSNF2H  binding  domain  on  Rsf-1.  We  have 
previously  shown  that  cell  growth  and  survival  depended  on  Rsf-1 
expression  in  ovarian  cancer  cells  with  Rsf-1  gene  amplification 
and  overexpression  (2).  To  determine  whether  the  formation  of  Rsf- 
l/hSNF2H  complex  is  required  for  cell  survival,  we  applied  a 
dominant  negative  approach  by  generating  an  Rsf-1  deletion 
mutant  that  competed  with  wild-type  (full-length)  Rsf-1  for 
hSNF2H  binding.  First,  we  generated  a  series  of  Rsf-1  deletion 
mutants  (from  Rsf-Dl  to  Rsf-DIO)  that  contained  different  protein 
motifs  (PHD,  DDT,  Glu-rich,  etc.;  Fig.  4 A).  These  fragments  were 
cloned  into  expression  vectors,  which  were  used  to  transfect 
HEK293  cells  to  assess  their  ability  to  coimmunoprecipitate  with 
hSNF2H  (Fig.  4 B).  We  found  that  among  all  deletion  mutants,  only 
the  Rsf-D4  fragment  (amino  acids  1-973)  could  robustly  coimmu¬ 
noprecipitate  with  hSNF2H  whereas  others  did  not  show 


Figure  2.  Rsf-1  expression  increases 
tumor  size  in  SKOV3  tumor  xenografts. 

A,  after  Rsf-1  induction  (6  and  12  h),  the 
Rsf-1  mRNA  levels  in  SKOV3  cells  are 
comparable  to  those  in  ovarian  carcinoma 
tissues  (OVCA)  with  Rsf-1  amplification 
and  are  significantly  higher  than  in  those 
without  Rsf-1  amplification.  B,  tumor 
xenograft  experiment  was  done  on  athymic 
nu/nu  mice  by  injecting  Rsf-1-inducible 
SKOV3  cells  s.c.  Induction  of  Rsf-1 
expression  in  SKOV3  tumors  increased 
tumor  volumes  as  compared  with  the 
noninduced  group.  C,  representative 
photographs  show  larger  tumors  in 
Rsf-1-induced  (Rsf-1  on)  tumors  than  in 
noninduced  ( Rsf-1  off)  tumors.  The  tumor 
sections  were  stained  with  an  anti-V5 
antibody  to  confirm  the  induction  of  Rsf-1 
proteins.  Diffuse  nuclear  staining  of 
Rsf-1A/5  is  observed  in  induced,  but  not  in 
noninduced,  tumor  sections.  D,  tumors 
were  excised  and  weighed  at  the  end  of 
experiment  (day  51). 
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Figure  3.  Analysis  of  interaction  between  hSNF2H  and  its  binding  partners.  A,  immunofluorescence  staining  of  Rsf-1  and  hSNF2H  proteins  shows  that  Rsf-1 
colocalizes  with  hSNF2H  in  the  nuclei.  Rsf-1-inducible  RK3E  cells  were  transiently  transfected  with  hSNF2H  gene  fused  with  an  Xpress  tag.  Double  immunofluorescence 
staining  was  done  to  detect  Rsf-1  (green  fluorescence-,  anti-V5)  and  hSNF2H  (red  fluorescence-,  anti-Xpress)  proteins,  respectively.  B,  immunoprecipitation  was 
done  in  SKOV3  cells  stably  transfected  with  a  Tet-off  inducible  Rsf-1  expression  construct.  The  protein  level  of  hSNF2H  that  was  coimmunoprecipitated  with  Rsf-1  was 
increased  in  Rsf-1-induced  (Rsf-1  on)  cells  but  the  level  of  hSNF2H  that  coimmunoprecipitated  with  BAZ1A  and  BAZ1B  was  significantly  reduced  as  compared  with 
control  SKOV3  cells  without  Rsf-1  induction  (Rsf-1  off).  Equal  protein  amount  was  used  in  immunoprecipitation  for  each  antibody.  C,  immunoprecipitation  assays  were 
done  to  compare  the  binding  capability  between  hSNF2H  and  different  binding  partners.  Rsf-1  gene  expression  was  knocked  down  by  shRNA  in  flsf-7-amplified 
OVCAR3  cells  (left).  The  cell  lysate  of  equal  protein  amounts  from  Rsf-1  shRNA-  and  control  vector-transfected  cells  was  then  immunoprecipitated  with  anti-Rsf-1 , 
anti-BAZIA,  and  anti-BAZIB  antibodies  (Ab),  respectively  (right).  The  immunoprecipitated  complex  was  separated  by  SDS-PAGE  and  blotted  with  an  anti-hSNF2H 
antibody  to  determine  the  amount  of  coimmunoprecipitated  hSNF2H  binding  partners  including  Rsf-1,  BAZ1A,  and  BAZ1B. 


detectable  coimmunoprecipitate  (Fig.  4 C).  The  Rsf-D4  contains 
DDT,  Glu-rich,  and  PHD  motifs  but  lacks  the  COOH- terminal  Rsf-1 
domain  (Fig.  4 D).  By  increasing  the  amount  of  recombinant  Rsf-D4 
protein  during  coimmunoprecipitation,  we  observed  that  the 
amount  of  hSNF2H  immunoprecipitate  decreased  in  a  dose- 
dependent  fashion,  indicating  that  Rsf-D4  competed  with  the 
endogenous  full-length  Rsf-1  for  interacting  with  hSNF2H  (Fig.  5,4 ). 

Effects  of  Rsf-D4  expression  on  cell  growth  and  apoptosis  in 
ovarian  cancer  cells.  To  determine  the  biological  effects  of  Rsf-D4 
on  ovarian  cancer  cells,  we  expressed  deletion  mutants  from  Rsf- 
D1  to  Rsf-DIO  individually  in  OVCAR3  cells  that  expressed  the 
highest  levels  of  Rsf-1  and  hSNF2H  proteins  (ref.  2;  Fig.  5/1),  and 
then  the  cell  number  was  determined.  As  shown  in  Fig.  5C,  the 
most  significant  decrease  in  cell  number  was  observed  in  Rsf-D4- 
transfected  cells  and,  to  a  lesser  extent,  in  Rsf-D3-transfected  cells 
(Fig.  5C).  Furthermore,  expression  of  Rsf-D4  suppressed  cellular 
proliferation  based  on  BrdUrd  uptake  (Fig.  5 D)  and  increased  the 
percentage  of  Annexin  V-labeled  cells  (Fig.  5 E).  In  contrast,  Rsf-D4 
expression  did  not  lead  to  any  significant  decrease  in  cell  number 
in  OC24  and  RK3E  cells  with  undetectable  Rsf-1  expression 
(P  >  0.05;  Supplementary  Fig.  S2). 

Discussion 

Our  previous  studies  have  shown  the  clinical  significance  of  Rsf-1 
gene  amplification  and  overexpression  in  ovarian  carcinomas  as  its 


increased  gene  copy  number  and  expression  level  are  associated 
with  the  most  aggressive  type  of  ovarian  cancer  (2,  20,  21). 
Furthermore,  we  have  shown  that  Rsf-1  -amplified  tumors  depend 
on  Rsf-1  proteins  to  survive.  In  this  study,  we  provide  new  evidence 
that  induction  of  Rsf-1  expression  is  associated  with  hSNF2H 
protein  expression,  and  a  higher  copy  number  of  Rsf-l/hSNF2H 
complexes  increases  tumor  size  in  a  tumor  xenograft  mouse  model. 
We  further  show  that  expression  of  an  Rsf-1  dominant  negative 
protein  that  contains  the  hSNF2H  binding  motif  is  sufficient  to 
suppress  cell  growth  in  cancer  cells  with  Rsf-1  overexpression  but 
not  in  cells  with  undetectable  Rsf-1  expression  levels.  These 
findings  provide  new  insights  into  the  tumor-promoting  functions 
of  Rsf-1  and  suggest  that  the  formation  of  the  RSF  chromatin 
remodeling  complex  may  be  one  of  the  mechanisms  contributing 
to  survival  and  growth  in  ovarian  cancer  cells. 

Because  Rsf-1  forms  a  chromatin  remodeling  complex  with 
hSNF2H,  it  is  likely  that  both  proteins  are  coexpressed  in  tissues. 
Thus,  we  first  asked  if  both  Rsf-1  and  hSNF2H  proteins  were  co- 
upregulated.  Based  on  immunostaining  on  ovarian  serous  carci¬ 
noma  tissues,  we  were  able  to  show  that  this  was  the  case.  To 
determine  whether  the  co-upregulation  is  merely  a  coincident 
event  or  a  result  of  Rsf-1  overexpression,  we  established  an  Rsf-1 
inducible  ovarian  cancer  cell  line,  SKOV3,  which  showed  hSNF2H 
expression  but  with  undetectable  Rsf-1  expression.  We  observed 
that  induction  of  Rsf-1  expression  in  SKOV3  increased  the  protein, 
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but  not  the  mRNA,  level  of  hSNF2H,  suggesting  that  Rsf-1  stabilized 
the  hSNF2H  proteins  probably  through  the  complex  formation  that 
prevented  its  protein  degradation.  Therefore,  it  is  likely  that  in  Rsf 
1  -amplified  or  Rsf-1  -overexpressing  carcinomas,  the  amount  of 
hSNF2H  also  increases  as  a  result  of  Rsf-1  up-regulation  to  form  the 
RSF  chromatin  remodeling  complex.  Besides,  we  compared  the 
growth  of  SKOV3  xenografts  in  mice  between  Rsf-1  induction  and 
control  (noninduction)  groups  and  found  that  the  size  of  SKOV3 
tumors  in  mice  significantly  increased  on  Rsf-1  induction  as 
compared  with  those  without  induction.  These  data  highly  suggest 
that  Rsf-1  overexpression  promotes  tumor  growth. 

Based  on  deletion  mapping,  coimmunoprecipitation  study,  and 
competition  assay,  we  were  able  to  define  the  hSNF2H  binding 
domain  (Rsf-D4)  on  the  Rsf-1  molecule,  which  contains  both  DDT 
and  PHD  motifs  at  the  NH2-terminal  region.  It  seems  that  both 
DDT  and  PHD  domains  are  the  required  motifs  for  hSNF2H 
interaction  because  other  deletion  mutants  containing  only  one  of 
them  did  not  show  a  robust  coimmunoprecipitation  with 
hSNF2H.  Further  structure  biology  studies  should  be  helpful  to 
disclose  the  precise  physical  interaction  between  DDT/PHD 
domains  on  Rsf-1  and  hSNF2H  proteins.  The  dominant  negative 
effects  of  Rsf-D4  in  ovarian  cancer  cells  with  Rsf-1  gene 
amplification  and  overexpression  but  not  in  cells  with  low  or 
undetectable  Rsf-1  expression  suggest  that  the  complex  formation 


of  full-length  Rsf-1  and  hSNF2H  is  essential  for  tumor  growth  and 
survival  for  those  tumor  cells  that  are  molecularly  “addict”  to 
Rsf-1  gene  amplification  or  up-regulation.  Furthermore,  the  lack 
of  growth-suppressive  effects  on  cells  with  undetectable  Rsf-1 
expression  indicates  that  the  Rsf-D4  effects  are  not  likely  due  to  a 
nonspecific  cytotoxic  effect  associated  with  the  Rsf-D4  protein. 
Although  the  above  represents  our  preferred  view,  alternative 
interpretations  should  be  pointed  out.  For  example,  like  other 
dominant  negative  approaches  that  are  used  to  modulate  the 
activity  of  an  endogenous  protein  by  interfering  normal  protein- 
protein  interactions,  the  Rsf-D4  approach  used  in  this  study  may 
not  be  entirely  specific  to  interrupt  the  interaction  between  Rsf-1 
and  hSNF2H.  It  is  possible  that  the  Rsf-D4  may  complex  with 
other  protein(s)  besides  hSNF2H  and  overexpression  of  Rsf-D4 
can  potentially  interfere  the  binding  of  these  protein(s)  to  full- 
length  endogenous  Rsf-1. 

How  does  Rsf-1  overexpression,  and  thereby  the  increased  Rsf-1/ 
hSNF2H  complex  formation,  contribute  to  tumor  cell  survival  and 
growth?  There  are  at  least  two  possibilities  based  on  the  current 
study.  First,  it  is  plausible  that  an  increased  number  of  RSF 
complexes  may  facilitate  remodeling  of  chromatin  structures  or 
modification  of  functions  of  oncogenes  and  tumor  suppressors  that 
interact  with  the  complexes  (32),  thus  promoting  tumorigenesis. 
Second,  overexpression  of  Rsf-1,  as  occurs  in  ovarian  carcinoma 


A  B 


Figure  4.  Mapping  for  the  hSNF2H  binding  domain(s)  on  Rsf-1  protein.  A,  a  series  of  Rsf-1  deletion  mutants,  Rsf-DI  to  Rsf-DIO,  were  generated  and  cloned  into  the 
pcDNA6/V5  vector.  The  locations  of  each  mutant  are  shown  in  parentheses.  ▲ ,  the  predicted  nucleus  localization  signal  site;  DEAD/DEAH  box,  a  conserved  motif  for 
ATP-dependent  helicases.  Helica,  helicase  catalytic  domain.  SANT ,  a  conserved  DNA-binding  domain  for  SANT  SWI3,  ADA2,  N-CoR,  and  TFIIIB  proteins.  DDT,  a 
conserved  domain  of  DNA-binding  homeobox-containing  proteins;  PHD,  plant  homeodomain-type  zinc  finger  domain;  Glu,  glutamine-rich  region;  Arg,  arginine-rich 
region.  B,  deletion  mutants,  Rsf-DI  to  Rsf-DIO,  and  pcDNA6  (V)  were  transfected  into  hSNF2H-expressing  HEK293  cells  and  their  protein  expression  was  confirmed 
by  Western  blot  analysis  with  an  anti-V5  antibody.  C,  coimmunoprecipitation  was  done  to  determine  the  minimal  domain(s)  of  Rsf-1  protein  that  interacts  with  hSNF2H. 
The  hSNF2H  protein  was  tagged  with  Xpress  and  the  Rsf-1  mutants  were  tagged  with  V5  to  facilitate  immunoprecipitation.  The  proteins  pulled  down  with  anti-V5 
antibody  were  immunoblotted  with  an  anti-Xpress  antibody.  In  addition  to  the  full-length  Rsf-1  (R),  Rsf-D4  is  the  only  mutant  that  coimmunoprecipitated  with  hSNF2H 
(arrowhead).  D,  summary  of  different  motifs  on  Rsf-1  deletion  mutants  and  their  hSNF2H  binding  capacity  based  on  coimmunoprecipitation  (I.P.). 
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Figure  5.  Effects  of  Rsf-D4  expression  on 
OVCAR3  ovarian  cancer  cells.  A,  in  a 
coimmunoprecipitation  assay,  recombinant 
Rsf-D4  proteins  show  a  dose-dependent 
inhibition  in  the  binding  of  Rsf-1  and 
hSNF2H.  GAPDH  was  used  as  a  loading 
control.  B,  Western  blotting  shows  a  robust 
Rsf-1  protein  expression  in  the  OVCAR3 
cell  line  and  a  moderate  expression  in  the 
A2780  cell  line  as  compared  with  other 
ovarian  carcinoma  cell  lines.  C,  the  effects 
of  deletion  mutants  were  assessed  by 
comparing  the  cell  number  of  the  OVCAR3 
cells  after  transient  transfection  of  Rsf-1  to 
Rsf-1 0  constructs.  The  cell  number  was 
measured  at  day  4  by  SYBR  Green  I 
incorporation  and  the  data  were  normalized 
to  the  empty  vector  control.  D,  the  cellular 
proliferating  activity  in  the  transfected 
OVCAR3  cells  was  determined  by  the 
percentage  of  cells  with  positive  BrdUrd 
staining.  E,  the  percentage  of  apoptotic 
cells  in  each  treatment  was  determined  by 
Annexin  V-FITC  staining. 


cells,  can  alter  cellular  distribution  and  the  partnership  of  hSNF2H. 
hSNF2H  is  known  to  interact  with  several  proteins  other  than  Rsf-1, 
and  the  hSNF2H-containing  ISWI  complexes  have  diverse  cellular 
functions.  Thus,  excessive  Rsf-1  molecules  may  sequester  hSNF2H, 
leading  to  a  loss  or  a  decrease  in  abundance  of  other  hSNF2H- 
containing  complexes  such  as  hSNF2H/BAZlA  and  hSNF2FI/ 
BAZ1B.  Because  several  protein  members  in  the  SNF  family  have 
been  reported  as  tumor  suppressors  and  have  been  found  to  be 
down-regulated  or  inactivated  in  cancer  tissues  (16,  18),  it  is 
possible  that  reduction  of  these  hSNF2H  complexes  with  tumor 
suppressor  potential  by  excessive  Rsf-1  contributes  to  the  observed 
growth- stimulating  effects  in  cancer  cells.  However,  our  findings 
show  that  expressing  a  Rsf-D4  deletion  mutant,  which  holds  avid 
hSNF2H  binding  activity,  can  induce  growth  suppression  in  tumor 
cells.  This  observation  suggests  that  sequestering  hSNF2H  from 
other  complexes  by  Rsf-D4  mutant  alone  was  not  able  to  promote 
cell  growth  as  seen  in  full-length  Rsf-1.  Therefore,  the  tumor- 
promoting  phenotype  mediated  by  full-length  Rsf-1  is  more  likely 
due  to  an  increase  of  RSF  complex  formation  rather  than  a 
decrease  of  other  hSNF2H-containing  complexes.  Further  studies 


are  needed  to  show  the  detailed  mechanisms  underlying  how  Rsf- 
l/hSNF2H  complexes  contribute  to  tumor  development. 

In  conclusion,  the  current  study  attempts  to  explore  the 
functional  roles  of  a  chromatin  remodeling  protein,  Rsf-1,  in 
promoting  ovarian  cancer.  Our  data  provide  evidence  that  the 
interaction  of  Rsf-1  and  hSNF2H  proteins  to  form  the  chromatin 
remodeling  complex  is  essential  for  cell  survival  and  growth  in 
ovarian  cancer.  Our  results  should  help  understand  the  pathogen¬ 
esis  of  ovarian  cancer  development  and  may  have  translational 
implications  for  new  cancer  therapy. 
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Abstract 

Notch3  gene  amplification  and  pathway  activation  have  been 
reported  in  ovarian  serous  carcinoma.  However,  the  primary 
Notch3  ligand  that  initiates  signal  transduction  in  ovarian 
cancer  remains  unclear.  In  this  report,  we  identify  Jagged-1  as 
the  highest  expressed  Notch  ligand  in  ovarian  tumor  cells  as 
well  as  in  peritoneal  mesothelial  cells  that  are  in  direct 
contact  with  disseminated  ovarian  cancer  cells.  Cell-cell 
adhesion  and  cellular  proliferation  were  reduced  in  Notch3- 
expressing  ovarian  cancer  cells  that  were  cocultured  with 
Jagged-1  knockdown  mesothelial  and  tumor  feeder  cells. 
Interaction  of  Notch3-expressing  ovarian  cancer  cells  with 
Jagged-l-expressing  feeder  cells  activated  the  promoter 
activity  of  candidate  Notch3  target  genes,  and  this  activity 
was  attenuated  by  Notch3  siRNA.  Constitutive  expression  of 
the  Notch3  intracellular  domain  significantly  suppressed  the 
Jagged-1  shRNA-mediated  growth  inhibitory  effect.  In  Notch3- 
expressing  ovarian  cancer  cells,  Jagged-l-stimulating  peptides 
enhanced  cellular  proliferation,  which  was  suppressed  by  y- 
secretase  inhibitor  and  Notch3  siRNA.  Taken  together,  our 
results  show  that  Jagged-1  is  the  primary  Notch3  ligand  in 
ovarian  carcinoma  and  Jagged-l/Notch3  interaction  consti¬ 
tutes  a  juxtacrine  loop  promoting  proliferation  and  dissem¬ 
ination  of  ovarian  cancer  cells  within  the  intraperitoneal 
cavity.  [Cancer  Res  2008;68(14):5716-23] 

Introduction 

Ovarian  serous  carcinoma  represents  one  of  the  most  aggressive 
neoplastic  diseases  in  women.  Although  the  molecular  etiology  of 
ovarian  serous  carcinoma  remains  mostly  unknown,  the  majority 
of  high-grade  serous  carcinomas  harbor  TP53  mutations.  They  also 
exhibit  high  levels  of  chromosomal  instability  as  reflected  by 
frequent  changes  in  DNA  copy  number  including  allelic  loss  and 
gain  involving  almost  all  chromosomes  (1,  2).  Genome-wide 
analysis  has  shown  amplification  in  genes  with  oncogenic  potential 
at  several  loci.  Based  on  digital  karyotyping  and  single  nucleotide 
polymorphism  array  analyses,  our  research  group  found  that  cyclin 
El,  AKT2,  Notch3,  Rsf-1,  and  PIK3CA  loci  were  among  the  most 
frequently  amplified  genomic  regions  (2).  One  of  the  genes  we  have 
characterized  is  Notch3  because  of  its  well-established  role  in  a 
variety  of  physiologic  and  pathologic  processes  including  cancer 
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development.  Copy  number  gain  in  Notch3  at  chromosome 
19pl3.12  occurred  in  —  20%  of  high-grade  serous  carcinomas, 
and  overexpression  of  Notch3  was  observed  in  nearly  50%  of  the 
cases  examined  (3),  suggesting  that  Notch3  signaling  contributes  to 
tumor  progression  in  ovarian  cancer. 

The  Notch  signaling  pathway  is  evolutionally  conserved. 
Members  of  this  pathway  include  Notch  ligands  (Delta  and 
Jagged),  Notch  receptors,  the  nuclear  transcription  factors  such  as 
CSL  (also  known  as  RBP-J  and  CBF1)  that  bind  to  Notch 
intracellular  fragment,  as  well  as  the  target  genes  that  are 
controlled  by  Notch3/CSL  coactivators.  The  mammalian  Notch 
family  is  composed  of  four  Notch  receptors  encoded  by  Notchl,  2, 
3,  and  4.  Five  Notch  ligands  including  Jagged-1,  Jagged-2,  Delta- 
like-1  (DLL1),  Delta-like-3  (DLL3),  and  Delta-like-4  (DLL4)  have 
been  reported  in  mammals.  Notch  signaling  is  initiated  by 
receptor-ligand  interaction,  which  leads  to  proteolytic  cleavages 
that  liberate  the  Notch  intracellular  cytoplasmic  domain  (NICD) 
from  the  membrane.  NICD  then  translocates  to  the  nucleus  where 
it  binds  to  the  transcription  factor  CSL  complex  and  converts  CSL 
into  a  transcriptional  activator  that  promotes  the  transcription  of 
genes  downstream  in  the  Notch  pathway  (4).  We  have  previously 
shown  that  inactivation  of  the  Notch3  pathway  by  y-secretase 
inhibitor  (GSI),  or  by  Notch3-specific  siRNA,  resulted  in  suppres¬ 
sion  of  proliferation  and  induction  of  apoptosis  in  ovarian  cancer 
cells,  suggesting  that  targeting  of  Notch3  may  offer  a  therapeutic 
intervention  in  ovarian  cancer  with  Notch3  amplification  and 
overexpression  (3,  5). 

As  the  first  step  in  elucidating  the  molecular  mechanisms 
underlying  the  role  of  the  Notch  signaling  pathway  in  the 
progression  of  ovarian  serous  carcinomas,  we  analyzed  all  known 
Notch  ligands  for  their  expression  levels  in  ovarian  tumor  cell  lines 
and  found  that  Jagged-1  was  expressed  at  the  highest  level  among 
all  the  ligands.  In  ovarian  cancer  tissues,  expression  of  Jagged-1  and 
nuclear  localization  of  Notch3  was  highly  correlated.  This  suggests 
that  in  ovarian  carcinoma  Jagged-1  interacts  with  Notch3  in 
juxtacrine  fashion.  We  then  characterized  the  functional  role  of 
Jagged-1  and  Notch3  interaction  in  promoting  cellular  binding  and 
proliferation.  Because  mesothelial  cells  constitute  the  tumor 
microenvironment  in  advanced  stage  ovarian  cancer,  we  also 
analyzed  the  expression  profile  of  Notch  ligands  in  mesothelial 
cells.  Our  result  showed  that  Jagged-1  was  the  predominant  form  of 
Notch  ligand  expressed  by  mesothelial  cells.  Its  biological  role  in 
supporting  adhesion  and  growth  of  ovarian  cancer  cells  was  further 
investigated  in  this  study. 

Materials  and  Methods 

Tissue  samples.  A  total  of  77  high-grade  serous  carcinomas  and  12  low- 
grade  serous  carcinomas  of  the  ovary  were  retrieved  from  the  Ovarian 
Cancer  Tissue  Bank  in  the  Johns  Hopkins  Medical  Institutions.  In  addition, 
mesothelial  cells  from  benign  ascites  or  primary  cultures  were  harvested 
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from  fresh  specimens.  Acquisition  of  tissue  specimens  and  clinical 
information  was  approved  by  an  institutional  review  board. 

Reagents  and  cell  lines.  Ovarian  cancer  cells  including  OVCAR3, 
A2780,  ES2,  SK0V3,  and  TOV21G  cells  were  purchased  from  American 
Type  Culture  Collection.  Immortalized  ovarian  surface  epithelial  cells 
(OSE)  by  SV40  large  T  antigen  were  used  in  this  study  (6).  Parental  L  cell 
and  J  cells  stably  expressing  the  hemagglutinin  (HA)-tagged  Jagged-1 
protein  were  generously  provided  by  Dr.  G.  Weinmaster  (University  of 
California  at  Los  Angeles,  Los  Angeles,  CA).  Type  1  GSI  was  purchased 
from  Calbiochem  and  was  dissolved  in  DMSO.  Jagged-1  peptide 
(CDDYYYGFGCNKFCRPR)  and  scrambled  peptide  (RCGPDCFDNY  GRY- 
KYCF)  were  synthesized  by  GenScript  Corporation.  Disuccinimidyl 
glutarate  (DSG),  a  crosslinking  reagent,  was  purchased  from  Pierce. 

Primary  mesothelial  cell  culture.  Mesothelial  cells  were  derived  from 
either  benign  peritoneal  effusions  or  from  primary  tumor  tissues 
containing  benign  mesothelium.  The  enrichment  of  mesothelial  cells  was 
performed  by  dissociating  tissues  with  collagenase  A  followed  by 
incubation  with  magnetic  beads  conjugated  with  Ber-EP4  (EpCAM) 
antibody  to  immunosort  epithelial  cells.  The  negative  cellular  fraction 
was  short-term  cultured  to  expand  the  number  of  mesothelial  cells.  The 
mesothelial  cells  used  in  this  study  were  found  to  be  positive  for  calretinin 
(a  mesothelial  cell  marker)  in  >99%  of  cells  and  negative  for  Ber-EP4  and 
mucin  4  (carcinoma  markers)  as  determined  by  immunocytochemistry. 
Representative  stains  for  mucin  4  and  calretinin  in  mesothelial  cell  and 
carcinoma  cell  cultures  were  shown  in  Supplementary  Fig.  SI.  The 
procedure  to  isolate  epithelial  cells  has  been  previously  described  (7)  and 
the  protocol  is  available  upon  request. 

Real-time  PCR.  Relative  mRNA  expression  was  measured  by  quantita¬ 
tive  real-time  reverse  transcription-PCR  (RT-PCR)  using  an  iCycler  (Bio- 
Rad).  Threshold  cycle  numbers  (Ct)  were  obtained  using  the  iCycler  Optical 
system  interface  software.  PCR  primers  were  designed  using  the  Primer  3 
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Figure  1.  Expression  of  Notch  ligands  in  ovarian  cancer  cells.  A,  mRNA 
expression  levels  of  known  Notch  ligands  including  Jagged-1 ,  Jagged-2, 
DLL1 ,  DLL3,  and  DLL4  were  measured  by  quantitative  RT-PCR  in  six 
immortalized  OSE  cell  lines  and  six  ovarian  cancer  cell  lines.  B,  mRNA 
expression  levels  of  Jagged-1  in  ovarian  carcinoma  tissues  were  measured 
by  quantitative  RT-PCR.  Each  symbol  represents  an  individual  specimen. 
LGCA,  low-grade  ovarian  carcinoma;  HGCA,  high-grade  ovarian  carcinoma. 


program,  and  the  nucleotide  sequences  of  the  primers  for  determining 
transcript  expression  were  listed  in  Supplementary  Table  SI.  Mean  Ct  of  the 
gene  of  interest  was  calculated  from  duplicate  or  triplicate  measurements 
and  normalized  with  the  mean  Ct  of  a  control  gene,  |3-amyloid  precursor 
gene,  for  which  mRNA  expression  is  relatively  constant  among  the  SAGE 
libraries  (8).  Data  were  further  normalized  to  the  result  obtained  from  OSE 
cell,  OSE7. 

Gene  knockdown  using  siRNA  and  small  hairpin  RNA.  Jagged-1  small 
hairpin  RNA  (shRNA)  vectors  were  purchased  from  Sigma- Aldrich.  Jagged-1 
shRNA  sequence  templates  (CCGGCCGAATGGAGTACATCGTATACTC- 
GAGTATACGATGTACTCCATTCGGTTTTTG)  and  (CCGGCCAGGAT 
AACTGTGCGAACATCTCGAGATGTTCGCACAGTTATCCTGGTTTTTG) 
were  inserted  into  lentiviral  plasmids  (pLKO.l-puro).  Notch3-specific  small 
interfering  RNA  (siRNA,  GUCAAUGUUCACUUCGCAGUU)  and  (GCGUG- 
GAUUCGGACCAGUCUGAGAGGG)  and  control  siRNA  that  targets  the 
Lucifemse  gene  (GAUUAAAUCUUCUAGCGACUGCUUCGC)  were  synthe¬ 
sized  by  Integrated  DNA  Technologies.  Cells  were  transfected  with  siRNA  or 
shRNA  at  a  final  concentration  of  200  nmol/L  or  2  pg,  respectively,  using 
lipofectamine  method  (Invitrogen).  Six  hours  after  transfection,  cells  were 
replaced  with  fresh  medium.  On  the  following  day,  the  treated  cells  were 
harvested  and  used  for  cell  growth,  binding  and  coculture  assays. 

Retrovirus  transduction.  The  NICD3  retrovirus  expressing  the  active 
intracellular  domain  of  Notch3  was  kindly  provided  by  Dr.  Michael  Wang 
(University  of  Michigan,  Ann  Arbor,  MI;  ref.  9).  Packaging  cells  (Phoenix 
cells)  were  transiently  transfected  with  the  NICD3  or  empty  vector  using 
lipofectamine  method  (Invitrogen).  On  the  following  day,  the  supernatant 
was  harvested  and  passed  through  a  0.45  pmol/L  syringe  filter.  The  filtered 
viral  supernatant  was  resuspended  in  4  pg/mL  polybrene  and  added  to 
cancer  cell  culture.  Twenty-four  hours  after  infection,  cells  were  harvested 
and  used  for  assays. 

Immunohistochemistry.  Anti-Notch3  rabbit  polyclonal  antibody  and 
anti-jagged- 1  goat  polyclonal  antibody  were  purchased  from  Santa  Cruz 
Biotechnology.  An  EnVision+System  peroxidase  kit  (DAKO)  was  used  for 
detection.  Tissue  microarrays  (triplicate  1.5-mm  cores  from  each  specimen) 
including  60  high-grade  serous  carcinomas  were  used  to  facilitate 
immunohistochemistry.  Immunointensity  for  Jagged-1  was  scored  as 
negative/low  and  high;  nuclear  staining  for  Notch3  was  scored  as  negative 
(— )  and  positive  (+)  by  two  investigators. 

Cell  growth  and  colony  formation  assays.  Cells  were  grown  in  96-well 
plates  at  a  density  of  3,000  per  well.  Cell  number  was  measured  by  the 
incorporation  of  SYBR  green  I  nucleic  acid  gel  stain  (Molecular  Probes) 
using  a  fluorescence  microplate  reader  (Fluostar  from  BMG).  Data  were 
determined  from  five  replicates  and  was  expressed  as  the  fold  increase  of 
control  group.  For  colony  formation  assay,  cells  were  seeded  into  25-cm2 
flasks  at  a  cell  density  of  1,500  or  4,500  cells  per  flask.  After  two  weeks,  the 
colonies  were  counted  after  staining  with  crystal  violet  dye  (Sigma). 

Cell-cell  binding  and  coculture  assay.  For  binding  assay,  the  feeder  cells 
were  transfected  with  empty  or  Jagged-1  shRNA  vector.  One  day  after,  the 
cells  were  seeded  in  12- well  plates  at  a  density  of  1.0  x  106  cells  per  well  and 
were  allowed  to  grow  to  confluence.  A2780  cells  (1.0  x  105)  expressing  green 
fluorescence  protein  (A2780-GFP)  were  laid  on  top  of  the  feeder  cells.  Fifteen 
or  forty-five  minutes  after  coculture,  A2780-GFP  cells,  which  did  not  anchor 
to  the  bottom  layer  were  harvested  and  classified  as  nonadherent  cells.  The 
A2780-GFP  cells  adhering  to  the  bottom  monolayer  cells  were  dissociated  by 
PBS  containing  2  mmol/L  EGTA  and  determined  as  adherent  cells.  For  cell 
proliferation  assay,  1.0  x  104  A2780-GFP  cells  were  laid  on  top  of  the 
monolayer  cells,  which  were  previously  irradiated  after  transfection  with 
Jagged-1  shRNA.  OVCAR3  cells  were  irradiated  for  30  min  with  68  cGy/min, 
whereas  L  cell,  J  cell,  and  mesothelial  cells  were  irradiated  at  the  same 
intensity  for  8  min.  The  number  of  A2780-GFP  cells  was  counted  under  a 
fluorescent  microscope  at  day  2  of  coculture. 

Coimmunoprecipitation  of  Jagged-1  and  Notch3.  A2780  cells 
(1.0  x  107)  were  cocultured  over  the  monolayer  of  J  cells  and  incubated 
with  a  buffer  containing  20  mmol/L  HEPES  (pH  7.5),  150  mmol/L  NaCl,  and 
0.9  mmol/L  CaCl2  at  room  temperature  for  45  min.  DSG,  a  crosslinking 
reagent,  was  added  to  the  culture  at  a  final  concentration  of  20  pmol/L 
and  incubated  for  30  min.  After  crosslinking  reaction,  the  cells  were 
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Figure  2.  Correlation  of  Jagged-1 
immunoreactivity  with  nuclear  localization 
of  Notch3  in  ovarian  carcinomas.  A, 
Jagged-1  protein  expression  was  determined 
by  Western  blot  in  OVCAR3,  J,  and  L  cells 
to  validate  the  antibody  specificity.  J  cell  is 
an  Ltk~  mouse  fibroblast  cell  line  that  was 
engineered  to  express  the  full-length 
Jagged-1 .  L  cell  is  the  parental  Ltk  cell 
line.  Jagged-1  protein  bands  (-175  kDa) 
were  detected  in  both  OVCAR3  and  J  cells 
but  not  in  L  cells.  S,  immunoreactivity  of 
Jagged-1  and  Notch3  in  two  representative 
ovarian  high-grade  carcinoma  tissues  (top). 
Case  A  shows  intense  Jagged-1  membrane 
staining  and  prominent  Notch3  nuclear 
immunoreactivity.  In  contrast,  case  B  shows 
very  weak  Jagged-1  and  Notch3  staining. 
Bottom,  summary  table  of  Jagged-1  and 
Notch3  immunohistochemistry  for  60 
high-grade  carcinomas.  Jagged-1  protein 
expression  and  nuclear  localization  of  Notch3 
are  significantly  correlated  (P  <  0.0001 , 
Fisher’s  exact  test). 


resuspended  in  TNE  buffer  [20  mmol/L  Tris-Cl  (pH  7.4), 150  nnnol/L 
NaCl,l%  NP40,  5  g/mL  aprotinin,  and  1  mmol/L  EDTA;  ref.  10],  and  the 
lysate  was  immunoprecipitated  with  a  Notch3  antibody  or  a  control  rabbit 
serum.  To  reverse  the  crosslink,  a  portion  of  the  pull-down  immunocomplex 
was  treated  with  50  mmol/L  DTT  and  boiled  for  10  min  before 
electrophoresis. 

Promoter  activity  assay.  Hesl-luc  and  Hes5-luc  reporter  constructs 
were  gifts  from  Dr.  R  Kageyama  (Kyoto  University,  Japan).  Pbxl-luc 
containing  the  3Kb  region  of  Pbxl  promoter  was  gift  by  Dr.  S  Higashiyama 
(Ehime  University,  Japan).  Promoter  reporter  constructs  and  pRL-Renilla 
control  plasmid  (Promega)  were  transiently  transfected  into  OVCAR3  cells 
by  lipofectamine  (Invitrogen).  Twenty-four  hours  after  transfection,  the  cells 
were  seeded  onto  48-well  plates  prelayered  with  J  cells  or  L  cells.  Luciferase 
activity  was  determined  by  the  Dual-Glo  luciferase  reagent  (Promega).  The 
reporter  luciferase  was  normalized  to  Renilla  luciferase  and  the  ratio  of 
luminescence  from  the  experimental  reporter  to  luminescence  from  the 
control  reporter  was  calculated. 

Results 

Jagged-1  is  the  primary  Notch  ligand  expressed  in  ovarian 
cancer  cells.  Gene  expression  levels  among  the  known  Notch 
ligands  (Jagged-1,  Jagged-2,  DLL1,  DLL3,  and  DLL4)  were  analyzed 
in  a  panel  of  OSEs  and  ovarian  cancer  cell  lines  by  quantitative  RT- 
PCR  (Fig.  1  A).  Jagged-1  was  found  to  be  highly  expressed  in  ovarian 
cancer  cell  lines  but  not  in  OSE.  Because  the  expression  level  of 
other  Notch  ligands  was  relatively  low  in  ovarian  cancer  cells,  a 
different  scale  was  used  to  present  the  relative  expression  levels 
among  cell  lines  (Supplementary  Fig.  S2).  To  extrapolate  the 
findings  from  ovarian  cell  lines  to  ovarian  cancer  tissues,  we 
performed  two  additional  experiments.  First,  quantitative  RT-PCR 
was  conducted  to  determine  if  Jagged-1  was  overexpressed  in 
ovarian  carcinoma  tissues.  The  data  showed  that  Jagged-1  was 
highly  expressed  in  ovarian  carcinoma  tissues  compared  with 
either  low-grade  ovarian  carcinomas  or  OSE  cells  (P  <  0.0001, 
Mann- Whitney  test;  Fig.  IB).  Second,  immunohistochemistry 
was  performed  on  a  larger  panel  of  ovarian  high-grade  carcinomas 
(n  =  60)  to  assess  the  expression  of  Jagged-1  and  Notch3.  The 


specificity  of  the  Jagged-1  antibody  was  shown  by  Western  blot 
analysis.  A  single  protein  band  corresponding  to  Jagged-1  protein 
was  observed  in  OVCAR3,  an  ovarian  cancer  cell  line  showing  high 
Jagged-1  mRNA  expression,  and  in  J  cells,  a  mouse  fibroblast  cell 
line  engineered  to  express  full-length  Jagged-1,  but  not  in 
nontransfected  parental  L  cells  (Fig.  2 A).  The  Notch3  antibody 
used  for  immunohistochemistry  has  been  previously  reported  (3), 
and  its  specificity  was  further  validated  by  Western  blot.  In  this 
analysis,  HeLa  cells  were  transduced  with  retrovirus  expressing 
NICD  and  a  single  band  corresponding  to  the  molecular  weight  of 
NICD  was  detected  (Supplementary  Fig.  S3).  In  addition,  this  band 
was  absent  in  either  nontransduced  or  empty  vector-transduced 
group.  We  used  prominent  nuclear  Notch3  immunoreactivity  as  a 
surrogate  marker  for  Notch3  signaling  activation  in  immunohisto¬ 
chemistry.  By  parallel  comparison  of  Jagged-1  and  Notch3 
immunoreactivity  in  the  same  tissue  samples,  the  data  showed  a 
significant  correlation  between  intense  Jagged-1  immunoreactivity 
and  Notch3  nuclear  immunoreactivity  (Fig.  2/1 ;  P  <  0.0001,  Fisher’s 
exact  test). 

Biological  effects  of  Jagged-1  expression  on  cell  adhesion 
and  proliferation.  The  finding  that  Jagged-1  and  Notch3  were 
coexpressed  in  ovarian  carcinoma  tissues  and  cell  lines  suggested 
that  this  ligand-receptor  interaction  could  play  an  important 
functional  role  in  ovarian  cancer  development.  In  this  regard,  we 
performed  a  cocultivation  experiment  to  determine  the  ability  of 
Jagged-l-expressing  cells  to  enhance  cell-cell  adhesion  and  to 
stimulate  cell  growth  of  Notch-expressing  tumor  cells.  OVCAR3, 
which  expresses  abundant  Jagged-1,  was  selected  to  represent 
Jagged-l-expressing  cells.  Aliquots  of  OVCAR3  cells  were  trans¬ 
fected  with  Jagged-1  shRNAs  to  knock  down  Jagged-1  protein 
expression  (Fig.  3 A,  left).  Notch3  receptor-expressing  cells,  A2780, 
were  pre-engineered  to  stably  express  GFP  to  facilitate  quantifica¬ 
tion  of  cell  numbers  (designated  as  A2780-GFP).  The  A2780-GFP 
cells  were  overlaid  onto  a  sublethally  irradiated  OVCAR3 
monolayer  and  at  indicated  time  points,  the  number  of  adherent 
and  nonadherent  A2780-GFP  cells  was  counted.  Our  results  showed 
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that  a  significant  fraction  of  the  overlaid  A2780-GFP  cells  bound  to 
the  vector  control-transfected  OVCAR3  cells  at  both  15  and  45 
minutes  of  coculture  (Fig.  3/1,  middle ).  In  contrast,  knockdown  of 
Jagged- 1  by  either  shRNAl  or  shRNA2  significantly  reduced  the 
number  of  A2780  cells  that  adhered  to  the  OVCAR3  monolayer  at 
45  minutes.  The  binding  of  A2780-GFP  to  the  OVCAR3  monolayer 
increased  gradually,  and  the  vast  majority  of  cells  bound  to  the 
OVCAR3  monolayer  (with  or  without  Jagged-1  shRNA  treatment) 
after  2  hours  of  coculture. 

Cell  growth  assay  was  performed  by  seeding  the  same  number  of 
A2780-GFP  cells  and  measuring  A2780-GFP  cell  numbers  at 
48  hours  after  coculture.  The  data  showed  that  Jagged-1 
knockdown  in  OVCAR3  cells  reduced  the  ability  of  OVCAR3  cells 
to  stimulate  the  growth  of  A2780-GFP  cells  (Fig.  3A,  right). 

To  further  show  that  biological  effects  of  cell-cell  adhesion  and 
cell  growth  were  due  to  interactions  between  Jagged-1  and  Notch3, 
we  performed  an  additional  coculture  assay  using  the  J  cell,  which 
is  an  I  lk  mouse  fibroblast  cell  line  engineered  to  express  Jagged-1 
(11),  as  the  feeder  monolayer.  The  parental  Ltk  cell  (L  cell)  was 
used  as  a  control.  Similarly,  in  the  cell-binding  assay,  the  A2780- 
GFP  cells  were  overlaid  on  top  of  sublethally  irradiated  J  cells  or  L 
cells  and  the  number  of  adherent  A2780-GFP  cells  was  counted. 
The  data  showed  that  a  higher  number  of  A2780-GFP  cells  adhered 
to  J-cell  monolayer  than  to  L-cell  monolayer  at  15  and  45  minutes 


after  coculture  (Fig.  3 B,  top).  The  number  of  A2780-GFP  cells  that 
adhered  to  J  cells  and  L  cells  gradually  increased,  and  almost  all 
A2780  cells  bound  to  J  cells  and  L  cells  after  2  hours  after  coculture. 
In  the  cell  growth  assay,  same  number  of  A2780-GFP  cells  was  laid 
on  top  of  irradiated  J  cells  or  L  cells  and  total  number  of  A2780- 
GFP  cells  was  determined  48  hours  after  coculture.  The  results 
showed  a  higher  A2780-GFP  cell  number  when  cocultured  with  J 
cells  compared  with  L  cells  (Fig.  3 B,  bottom).  The  above  results 
imply  that  the  presence  of  Jagged-1  in  feeder  cells  is  important  in 
mediating  cell  binding  and  growth. 

To  determine  if  Jagged-1  directly  bound  to  Notch3,  a  coimmu- 
noprecipitation  experiment  was  performed  using  a  Notch3 
antibody  to  pull  down  the  receptor/ligand  complex  from  a 
coculture  of  J  cells  and  A2780-GFP  cells  (Fig.  3C).  The  coculture 
was  first  treated  with  a  crosslinking  reagent,  DSG,  before 
immunoprecipitation.  Western  blot  was  then  performed  in  the 
presence  or  absence  of  DTT  (to  reverse  crosslink).  Our  results 
showed  that  in  the  absence  of  DTT,  high  molecular  weight 
immunoprecipitate  was  detected  by  both  HA  antibody  (to  detect 
Jagged-l-HA  fusion  protein  expressed  in  J  cells,  lane  6)  and  Notch3 
antibody  ( lane  8).  When  the  same  cell  lysates  were  treated  with 
DTT,  the  higher  molecular  weight  band  disappeared  and  lower 
molecular  weight  bands  corresponding  to  monovalent  Jagged-1 
(lane  4)  and  Notch3  ( lane  9)  were  detected.  The  Notch3-Jagged-l 


Figure  3.  Coculture  experiments  show  Jagged-1  in  feeder  cells  is  essential  in  promoting  cell  adhesion  and  growth  of  Notch3-expressing  cancer  cells.  A,  Western  blot 
( WB )  analysis  shows  that  both  Jagged-1  shRNAs,  shRNAl  and  shRNA2,  significantly  reduce  Jagged-1  protein  expression  in  OVCAR3  cells  compared  with  the 
empty  vector  control  (left).  When  compared  with  shRNAl,  shRNA2  shows  a  more  potent  inhibitory  effect.  Middle,  binding  of  A2780-GFP  cells  to  Jagged-1 
shRNA-transfected  OVCAR3  cells  was  examined  in  a  cell-cell  association  assay.  The  cell  number  of  Notch3  expressing  A2780-GFP  cells  that  adhered  to  Jagged-1 
shRNA-transfected  OVCAR3  cells  (feeder  monolayer)  was  reduced  when  compared  with  the  vector-transfected  cells  at  both  15  and  45  min  of  cocultivation. 

Right,  the  growth  of  A2780-GFP  cells  is  significantly  reduced  when  cocultured  with  Jagged-1  shRNA-transfected  feeder  cells  (OVCAR3)  compared  with  vector 
control-transfected  cells.  Data  were  measured  on  the  2nd  day  of  coculture.  Data  also  shows  similar  number  of  feeder  cells  (OVCAR3)  was  present  in  each  experimental 
group.  **,  P  <  0.01;  ***,  P  <  0.001,  Student's  f  test.  B,  coculture  of  A2780-GFP  cells  and  J-  or  L-feeder  monolayer  (top).  The  cell  number  of  A2780-GFP  bound 
to  L  cells  (without  Jagged-1  expression)  was  lower  than  that  of  J  cells  (with  Jagged-1  expression)  at  both  15  and  45  min  coculture  incubation.  Bottom,  the  growth 
of  A2780-GFP  cells  is  promoted  when  cocultured  with  J  cells  comparing  to  L  cells.  Similar  number  of  L  and  J  feeder  cells  was  present  in  each  experiment.  **,  P  <  0.01 ; 
***,  P  <  0.001,  Student’s  t  test.  C,  binding  of  Jagged-1  to  Notch3  was  verified  by  immunoprecipitation/Western  experiment.  The  J  cell  and  A2780-GFP  cell  coculture 
lysates  were  immunoprecipitated  with  an  anti-Notch3  rabbit  polyclonal  antibody  (N3)  and  were  blotted  with  an  HA  antibody  or  a  Notch3  antibody.  HA  antibody 
was  used  to  detect  expression  of  Jagged-1  in  J  cells  because  the  expression  construct  contained  an  HA  epitope  tag.  Rabbit  antiserum  (R)  was  used  as  the 
control  in  immunoprecipitation. 
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Figure  4.  Expression  of  Jagged-1  in  human  peritoneal 
mesothelial  cells  is  important  in  supporting  adhesion  and 
growth  of  ovarian  tumor  cells.  A,  quantitative  RT-PCR  measured 
Notch  ligand  expression  levels  in  peritoneal  mesothelial  cells. 

B  to  C,  coculture  experiments.  Human  mesothelial  cells 
expressing  Jagged-1  were  transfected  with  Jagged-1  shRNA 
and  served  as  feeder  monolayer.  They  were  cocultured  with 
Notch3-expressing  A2780-GFP  cells.  B,  compared  with 
vector-transfected  control  (vec  con),  Jagged-1  shRNA 
treatment  in  mesothelial  cells  significantly  reduced  the 
binding  capability  of  A2780-GFP  cells.  C,  mesothelial  cells 
pretreated  with  Jagged-1  shRNA  significantly  lose  the  ability 
to  support  growth  of  A2780-GFP  cells.  Similar  number  of 
mesothelial  feeder  cells  was  present  in  each  experiment. 

Data  were  measured  at  48  h  after  coculture.  D,  coculture 
of  J  cells  with  ovarian  cancer  cells  stimulates  the  promoter 
activity  of  candidate  Notch3  target  genes.  Promoter  reporter 
constructs  for  Notch3  candidate  target  genes  including  Hesl , 
Hes5,  and  Pbxl  were  transfected  into  Notch3-expressing 
OVCAR3  cells.  The  transfected  cells  were  then  cocultivated 
with  J  cells  or  L  cells.  High  luciferase  activity  was  detected 
in  Pbxl  and  Hes5  promoter  construct-transfected  groups 
when  cocultured  with  J  cell.  This  luciferase  activity  could 
be  potently  suppressed  by  Notch3-specific  siRNA.  *,  P  <  0.02; 
",  P  <  0.01 ;  ***,  P  <  0.001 ,  Student’s  t  test. 


immunocomplex  was  not  detectable  in  the  control  experiment 
using  rabbit  control  serum  in  the  immunoprecipitation  step.  The 
Notch3  protein  under  the  crossiink/DTT  denaturing  condition 
migrated  at  a  molecular  weight  higher  than  native  NICD  ( ~  86 
kDa),  probably  because  it  contained  the  NH2-terminal  transmem¬ 
brane  domain,  a  subunit  that  was  not  yet  cleaved  by  secretases. 

Interaction  of  Notch3-expressing  tumor  cells  and  Jagged- 1- 
expressing  mesothelial  cells.  Mesothelial  cells  are  the  main  cell 
type  in  direct  contact  with  ovarian  cancer  cells  in  the  peritoneal 
cavity.  It  is  possible  that  expression  of  Notch  ligands  in  mesothelial 
cells  creates  a  microenvironment  suitable  for  ovarian  cancer  cells 
to  survive  and  disseminate.  Therefore,  expression  of  Notch  ligands 
in  mesothelial  cells  derived  from  benign  effusions  or  purified  from 
tumor  tissues  was  analyzed.  The  results  showed  that  Jagged-1  was 
expressed  in  the  majority  of  mesothelial  cell  samples  and  was  the 
primary  Notch  ligand  expressed  by  mesothelial  cells  ( P  <  0.01, 
Mann-Whitney  test;  Fig.  4A).  To  determine  if  mesothelial  cells 
would  support  tumor  adhesion  and  growth,  we  performed 
coculture  experiments  using  mesothelial  cells  as  the  feeder  layer. 
Primary  mesothelial  cell  cultures  were  treated  with  Jagged-1  shRNA 
to  reduce  Jagged-1  expression.  Although  expression  of  Jagged-1  was 
significantly  reduced,  growth  of  mesothelial  cells  was  not 
significantly  affected  (Supplementary  Fig.  S4).  However,  the  cell¬ 
cell  binding  activity  measured  at  45  minutes  was  significantly 
reduced  in  A2780-GFP  cells  cocultured  with  mesothelial  cells 
pretreated  with  Jagged-1  shRNA  compared  with  those  cocultured 
with  control  shRNA-treated  mesothelial  cells  (Fig.  4 B).  Similar  to 
previous  coculture  systems,  almost  all  A2780-GFP  eventually 
adhered  to  mesothelial  feeder  cells  2  hours  after  coculture.  In  cell 
growth  assay,  knockdown  of  Jagged-1  expression  in  mesothelial 
feeder  cells  significantly  suppressed  cell  growth  (Fig.  4C).  The 
data  indicated  that  the  Jagged-1  expression  in  mesothelial  cells  is 
important  for  binding  and  growth  of  adjacent  tumor  cells. 

To  further  determine  if  Jagged-1  expressed  by  the  feeder  cells 
could  stimulate  Notch3  signaling  in  tumor  cells,  we  performed 
promoter  reporter  assays  in  which  A2780  cell  was  transiently 


transfected  with  reporter  plasmids  containing  promoter  regions  of 
candidate  Notch3  downstream  target  genes  including  Hesl,  Hes5 
(12),  and  Pbxl,5  and  the  transfected  cells  were  cocultured  with  J 
cells  or  L  cells.  The  data  showed  that  Hes5  and  Pbxl  promoter 
activities  in  A2780  cell  were  significantly  induced  by  coculturing 
with  J  cells  but  not  with  L  cells.  Furthermore,  these  promoter 
activities  were  significantly  suppressed  by  Notch3-siRNA  (Fig.  4 D) 
or  GSI  (data  not  shown).  In  contrast,  we  did  not  detect  luciferase 
activity  from  Hesl  promoter  reporter  or  vector  control  plasmid  in 
any  of  the  experimental  conditions. 

Jagged-1  gene  knockdown  reduces  cellular  proliferation  in 
ovarian  cancer  cells  overexpressing  Jagged-1.  To  determine  if 
Jagged-1  expression  in  cancer  cells  was  essential  for  tumor  cell 
growth,  we  knocked  down  Jagged-1  in  TOV21G  and  OVCAR3 
ovarian  cancer  cell  lines,  both  expressing  relatively  high  levels  of 
Jagged-1  (Fig.  5 A).  In  addition,  two  immortalized  OSE  cell  lines 
(IOSE7  and  IOSE10),  neither  of  which  expressed  robust  level  of 
Jagged-1,  were  used  as  negative  controls.  The  results  showed  that 
both  of  the  Jagged-l-negative  cell  lines  continued  proliferating 
after  shRNA  transfection  (Fig.  5 B).  There  was  no  statistically 
significant  difference  between  Jagged-1  shRNA-treated  versus 
vector  control-treated  groups  (Student’s  t  test).  In  contrast,  both 
Jagged-l-high  cell  lines  showed  a  significant  growth  inhibitory 
effect  after  transfection  with  Jagged-1  shRNA  as  revealed  by  growth 
curves  (Fig.  5C)  and  colony  formation  assay  (Fig.  5/1). 

The  effects  of  Jagged-1  are  mediated  by  the  Notch3  signaling 
pathway.  To  determine  if  the  observed  biological  effects  of 
Jagged-1  involved  the  Notch3  signaling  pathway,  we  applied  two 
independent  but  complementary  approaches.  First,  we  asked  if 
constitutive  expression  of  the  NICD  could  reverse  the  growth 
inhibitory  effect  of  Jagged-1  shRNA.  As  shown  in  Fig.  6 A,  ectopic 
expression  of  NICD  had  minor  effect  on  cell  growth;  however,  it 
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significantly  abrogated  the  growth  inhibitory  effect  of  Jagged- 1 
shRNA.  Second,  a  Jagged- 1  peptide  known  to  activate  Notch 
signaling  comparably  to  full-length  Jagged- 1  was  used.  When 
cultured  in  medium  containing  Jagged- 1  peptide,  the  number  of 
ovarian  cancer  cell  OVCAR3  was  significantly  increased  compared 
with  the  number  of  cells  cultured  in  medium  containing  control 
peptide  (Fig.  65).  The  increase  in  cell  number  was  likely  due  to 
increased  proliferation  activity  because  BrdUrd  incorporation  was 
enhanced  in  0VCAR3  cells  incubated  with  Jagged-1  peptides 
(Supplementary  Fig.  S5).  This  proliferation-stimulating  effect  of 
Jagged-1  peptide  could  be  inhibited  by  inactivating  Notch3  signaling 
using  either  GSI  (Fig.  6C)  or  Notch3-specific  siRNA  (Fig.  6 D). 

To  determine  if  Notch3  could  regulate  Jagged-1  expression  and 
thus  initiate  a  positive-feedback  loop  in  Notch  signaling,  we 
applied  Notch3-siRNA  in  A2780,  TOV21G,  and  OVCAR3  and 
measured  the  amount  of  Jagged-1  mRNA  using  quantitative  real¬ 
time  PCR.  As  shown  in  Supplementary  Fig.  S6,  the  results  showed 
that  Notch3  siRNA  did  not  significantly  affect  Jagged-1  mRNA 
expression,  suggesting  a  lack  of  such  feedback  loop  in  ovarian 
cancer  cells.  Taken  together,  the  above  data  indicated  that  the 
biological  effects  of  Jagged-1  observed  in  this  study  were  mediated 
at  least  in  part  through  Notch3  signaling. 

Discussion 

Growth  and  survival  of  tumor  cells,  as  well  as  their  ability  to 
metastasize,  depend  on  intricate  interactions  with  their  microen¬ 
vironment.  Despite  accumulation  of  a  variety  of  genetic  lesions, 
human  ovarian  cancer  cells  remain  dependent  on  their  microen¬ 
vironment  during  the  progression  of  the  disease.  Our  previous 
studies  have  shown  Notch3  gene  amplification  and  overexpression 
in  a  significant  fraction  of  ovarian  carcinomas  (2,  3).  In  the  current 
study,  we  provided  evidence  that  Jagged-1  expressed  by  mesothelial 
and  ovarian  cancer  cells  formed  a  juxtacrine  loop  with  Notch 
receptor  expressed  on  the  surface  of  ovarian  cancer  cells.  This 
promotes  adhesion  and  proliferation  of  cancer  cells  within  the 
peritoneal  cavity. 


Although  Jagged-1  has  been  shown  to  be  one  of  the  Notch 
ligands,  its  role  in  initiating  Notch  signaling  has  not  been  well- 
established  in  ovarian  cancer.  In  this  study,  we  have  shown  the 
following  pieces  of  evidence  to  suggest  an  important  role  of  the 
Notch3/Jaggedl  axis  in  promoting  adhesion  and  growth  in  ovarian 
cancer  cells.  First,  Jagged-1  was  coexpressed  with  Notch3  in  a 
significant  number  of  ovarian  cancers.  Second,  Jagged-1  expression 
in  feeder  cells  is  responsible  for  the  binding  and  growth  of 
cocultured  ovarian  cancer  cells.  Third,  stimulatory  Jagged-1 
peptide  increased  cell  number  in  Notch3-expressing  ovarian  cancer 
cell  line,  in  which  the  effect  could  be  reduced  by  GSI  or  by  Notch3- 
specific  siRNA.  Forth,  the  growth  suppression  effect  of  Jagged-1 
shRNA  in  ovarian  cancer  cells  can  be  rescued  by  ectopic  expression 
of  NICD.  Finally,  in  the  coculture  system,  Jagged-1  expressed  by  the 
feeder  cells  induced  promoter  activation  of  candidate  Notch3 
target  genes,  Hes5  and  Pbxl.  In  aggregate,  these  findings  suggest 
that  Jagged-1  and  Notch3  form  a  functional  signaling  network. 
Our  results  are  consistent  with  a  previous  report  showing  that 
expression  of  Notchl  and  its  ligands,  Jagged-1  and  DLL1,  is  critical 
for  cell  survival  and  proliferation  in  glioma  (13). 

Expression  of  Jagged-1  in  ovarian  cancer  cells  and  peritoneal 
mesothelial  cells  has  significant  biological  implications.  First,  in 
primary  ovarian  tumors,  reciprocal  binding  of  Jagged-1  to  Notch3 
between  adjacent  tumor  cells  acts  as  a  juxtacrine  mediator  that 
initiates  and  sustains  Notch3  pathway  activation,  which  is 
responsible  for  ovarian  tumor  development  (Supplementary 
Fig.  S7).  Second,  during  tumor  cell  dissemination  in  the  peritoneal 
cavity,  Jagged-1  expressed  by  mesothelial  cells  may  enhance  tumor 
cell  binding  to  and  growth  on  the  peritoneal  surface,  thus 
facilitating  i.p.  tumor  dissemination,  a  cardinal  feature  in  ovarian 
serous  carcinoma  (Supplementary  Fig.  S7).  Ovarian  serous 
carcinoma  is  associated  with  a  devastating  clinical  outcome 
because  most  patients  present  at  advanced  stages  when  the  tumor 
has  widely  spread  in  the  peritoneal  cavity  (14).  This  “transcoelomic” 
dissemination  involves  multiple  processes  including  tumor  cell 
detachment,  migration,  and  implantation  on  mesothelial  cells 
carpeting  the  peritoneal  cavity  and  the  surface  of  abdominal 


Figure  5.  Effect  of  Jagged-1  knockdown 
on  cell  proliferation  in  ovarian  cancer  cells. 

A,  expression  of  Jagged-1  and  Notch3 
mRNA  in  IOSE  cells  (IOSE7,  IOSE10, 
and  IOSE29)  and  ovarian  cancer  cell  lines 
(TOV21G,  A2780,  OVCAR3,  SKOV3,  MPSC1 , 
and  ES2)  was  measured  by  quantitative 
RT-PCR.  TOV21G  and  OVCAR3  showed  the 
highest  levels  of  Jagged-1  expression. 

B,  Jagged-1  shRNA  does  not  have  a  significant 
effect  on  cell  growth  at  both  day  3  and  day  5 
in  IOSE  7  and  IOSE10  cells.  C,  Jagged-1 
shRNA  significantly  inhibits  cell  growth  in 
ovarian  cancer  cell  lines,  which  overexpress 
Jagged-1.  P  <  0.01  (day  3);  P  <  0.001 

(day  5),  Student’s  t  test.  D,  colony  formation 
is  significantly  reduced  in  both  OVCAR3  and 
TOV21G  cells  transfection  with  Jagged-1 
shRNA,  comparing  to  vector-transfected 
group  (P  <  0.01,  Student’s  t  test).  Cells  were 
seeded  at  both  low  and  high  density  and  cell 
colonies  were  counted  2  wk  after  plating. 


B 


-*-IOSE7-VecCon 
-t>  IOSE7-shRNA 
-•-lOSEIO-Vec  Con 
-o  IQSEIO-shRNA 


High 


High 


-m-  OVCAR3-Vec  Con 
-o  OVCAR3  shRNA 
-*-TOV21G-Vec  Con 
-o  TOV21G-SHRNA 


Vector 

Control 

Jagged-1 

shRNA 


T1 

i 

wm 

1 

.  *>  •  j 

r  •  .  •* 

-..-•I  '  "J 

W  .  J 

OVCAR3 


TOV21G 


www.aacrjournals.org 


5721 


Cancer  Res  2008;  68:  (14).  July  15,  2008 


Cancer  Research 


Appendix  #15 


Peptide 

GSI 


♦25jimoi/L  ♦25nmoW.  *25»ifnoW- 
♦1|imoVL  +5jimoM_ 


£  15 


5  1.0 


■S  0.5 


0.0 


m  Sc  ramble  siRNA 
H Motch3  siRNA 


Ml 


x 


Sc-pep 


Jag-1-pep 


Figure  6.  Involvement  of  Notch3  in  Jagged-1 -induced 
cell  growth  in  ovarian  cancer  cells.  A,  OVCAR3  cells 
were  transduced  with  retrovirus  expressing  active  form 
of  Notch3  (NICD)  or  with  retrovirus  prepared  from 
empty  vector.  Jagged-1  shRNA  inhibited  cell  proliferation 
in  OVCAR3  cells  and  this  growth  inhibitory  effect  can 
be  rescued  by  ectopic  NICD  expression.  B,  incubation 
of  stimulatory  Jagged-1  peptide  in  A2780  cells  significantly 
increases  cell  number  in  a  dose-dependent  manner. 
Conversely,  scramble  peptide  does  not  show  growth 
stimulatory  effect.  C,  the  growth  stimulatory  effect  of 
Jagged-1  peptide  is  blocked  in  a  dose-dependent  manner 
by  treatment  of  GSI.  D,  similar  to  GSI,  attenuation  of 
Notch3  pathway  using  Notch3-specific  siRNA  suppressed 
Jagged-1  peptide-induced  cell  growth.  **,  P  <  0.01; 

***,  P  <  0.001 ,  Student’s  t  test. 


organs.  Transcoelomic  dissemination  is  a  major  factor  contributing 
to  morbidity  and  mortality  in  women  with  ovarian  carcinomas.  It  is 
plausible  that  ovarian  cancer  cells  detached  from  the  primary  site 
directly  contact  with  peritoneal  mesothelial  cells,  which  provide 
abundant  Jagged-1  to  facilitate  the  attachment  of  cancer  cells  to 
mesothelial  cells  and  to  enhanced  proliferation  of  ovarian  cancer 
cells.  This  process  would  contribute  establishment  of  cancer  cell 
colonies  on  the  peritoneal  surface,  where  the  tumor  cells  might 
invade  the  underlying  stromal  tissue  and  establish  implanted 
tumors. 

Although  the  above  represents  our  preferred  view  how  Jagged-1 
contributes  to  tumor  progression  in  ovarian  cancer,  it  should  be 
noted  that  other  mechanisms  may  exist.  For  example,  Jagged-1 
may  have  its  own  signaling  function  that  is  independent  of  the 
canonical  Notch  pathway.  It  has  been  shown  that  Jagged-1  and 
Delta-like-1,  upon  binding  to  Notch  receptors,  are  sequentially 
processed  by  a-  and  y-secretase,  which  lead  to  the  release  of 
nuclear  signaling  fragments  (15,  16).  The  soluble  Jagged-1 
intracellular  fragment  translocates  into  the  nucleus  and  activates 
gene  expression  via  the  transcription  factor  API  (15).  Furthermore, 
ectopic  expression  of  Jagged-1  was  found  to  transform  kidney 
epithelial  cells,  and  this  ability  depends  on  the  PDZ  ligand  domain 
at  the  C  terminus  of  Jagged-1  (17).  Therefore,  in  ovarian  cancer 
cells  that  coexpress  Notch3  and  Jagged-1,  Jagged-1  may  play  two 
functional  roles.  First,  Jagged-1  serves  as  a  membrane  ligand  to 
stimulate  adjacent  tumor  cehs  in  a  juxtacrine  manner  through 
Notch3  receptor.  Second,  the  intracellular  domain  of  Jagged-1  may 


trigger  signaling  pathway  distinct  from  Notch3  and  promote 
tumor  cell  growth.  Although  the  biological  effects  of  Notch 
activation  are  well-known  in  human  cells,  it  would  be  of  interest 
to  determine  the  Notch-independent  role  of  Jagged-1  in  human 
neoplasms. 

In  summary,  we  provided  new  evidence  that  Jagged-1  is  the 
primary  Notch3  ligand  expressed  by  ovarian  cancer  cells  and 
mesothelial  cells.  Interaction  of  Jagged-1  and  Notch3  that  activates 
intracellular  Notch3  signaling  may  provide  growth  advantage  of 
ovarian  cancer  cells  in  the  peritoneal  microenvironment.  The 
above  results  show  the  dependence  of  ovarian  cancer  cehs  on  a 
single  Notch  ligand  and  suggest  that  antagonizing  Jagged-1  or 
disrupting  the  interaction  between  Jagged-1  and  Notch3  can  be 
potential  therapeutic  strategies  for  ovarian  cancer. 
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Abstract 

Notch3  gene  amplification  has  recently  been  identified  in 
ovarian  cancer  but  the  Notch3  effectors  that  are  involved  in 
the  development  of  ovarian  cancer  remain  elusive.  In  this 
study,  we  have  identified  Pbxl,  a  proto-oncogene  in  hemato¬ 
poietic  malignancy,  as  a  Notch3  target  gene.  Pbxl  expression 
is  transcriptionally  regulated  by  Notch3  activation,  and 
Notch3/CSL  protein  complex  directly  binds  to  the  Pbxl 
promoter  segment  harboring  the  CSL-binding  sequence.  The 
growth-inhibitory  effect  of  y-secretase  inhibitor  could  be 
partially  reversed  by  ectopic  Pbxl  expression.  Furthermore, 
functional  studies  by  Pbxl  short  hairpin  RNA  knockdown 
show  that  Pbxl  is  essential  for  cell  proliferation  and 
tumorigenicity.  Taken  together,  the  above  findings  indicate 
that  Pbxl  is  a  direct  Notch3-regulated  gene  that  mediates 
the  survival  signal  of  Notch3  in  ovarian  cancer.  [Cancer  Res 
2008;68(21):8852-60] 

Introduction 

Cancer  development  has  been  known  to  share  many  molecular 
frameworks  with  embryonic  development,  tissue  renewal,  and 
differentiation  (1).  For  example,  in  normal  tissues,  the  Notch 
signaling  pathway  is  activated  under  strict  temporal  and  spatial 
control  during  tissue  regeneration  and  cell  fate  determination.  In 
contrast,  during  tumor  development,  Notch  is  constitutively 
activated  and  its  sustained  activation  could  be  a  result  of  genetic 
or  epigenetic  alterations.  In  human  cancer,  activation  of  the  Notch 
receptor  due  to  point  mutations  and  gene  translocations  has  been 
found  in  T-cell  leukemia/lymphoma,  non-small  cell  lung  cancer, 
and  breast  carcinoma  (2-5).  Based  on  a  genome-wide  analysis  of 
DNA  copy  number  changes  using  both  digital  karyotyping  (6)  and 
single  nucleotide  polymorphism  array  analysis  (7),  we  have 
identified  Notch3  gene  amplification  in  high-grade  ovarian 
serous  carcinomas  (8).  Notch3  gene  amplification  correlated  with 
gene  overexpression  and  pathway  activation  in  ovarian  serous 
carcinoma  tissues.  Functional  inactivation  of  Notch3  either  by 
y-secretase  inhibitor  (GSI)  or  by  Notch3-specific  small  interfering 
RNA  (siRNA)  resulted  in  suppression  of  cell  proliferation  and 
induction  of  apoptosis,  suggesting  that  Notch3  activation  is  an 
important  survival  signal  in  ovarian  cancer  cells. 

The  Notch  signaling  pathway  is  evolutionally  conserved.  The 
primary  members  of  this  signaling  pathway  include  Notch  ligands 
(Delta  and  Jagged),  Notch  receptors  (Notchl,  Notch2,  Notch3,  and 


Note:  Supplementary  data  for  this  article  are  available  at  Cancer  Research  Online 
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Notch4),  the  nuclear  transcription  factors  such  as  CSL  (also  known 
as  RBP-J  and  CBF1)  that  bind  to  Notch  intracellular  fragment,  and 
the  target  genes  that  are  controlled  by  Notch3/CSL  coactivator. 
Activation  of  Notch  signaling  is  initiated  by  receptor-ligand 
interaction,  which  leads  to  proteolytic  cleavages  that  liberate  the 
Notch  intracellular  cytoplasmic  domain  (NICD)  from  the  plasma 
membrane.  NICD  translocates  to  the  nucleus  and  binds  to 
transcription  complexes  that  contain  CSL.  NICD  binding  converts 
the  CSL  complex  from  a  transcription  repressor  to  a  transcription 
activator,  thereby  initiating  transcription  of  downstream  effectors. 
The  diverse  biological  activities  of  Notch  signaling  are  thought  to 
be  mediated  by  the  context-dependent  expression  of  a  hetero¬ 
geneous  group  of  downstream  effectors. 

Although  several  downstream  genes  in  the  Notch  pathway  have 
been  reported  (9-12),  it  is  not  known  which  of  them  are  regulated 
by  Notch3  in  ovarian  cancer  cells.  We  have  analyzed  the  known 
Notch  target  genes  represented  in  the  serial  analysis  of  gene 
expression  database  in  ovarian  tissues.  We  found  that  the 
expression  level  of  most  of  the  known  target  genes,  such  as  the 
Hes  gene  family,  was  extremely  low  and  did  not  correlate  with 
the  expression  level  of  Notch3  in  ovarian  cancer  tissues.  This 
suggested  that  the  Notch3  targets  in  ovarian  cancer  were  distinct 
from  other  known  Notch  targets.  To  identify  candidate  Notch3 
targets,  we  analyzed  the  genes  that  were  down-regulated  following 
functional  inactivation  of  Notch3  by  treatment  of  ovarian  cancer 
cells  with  GSI  in  this  study.  We  selected  one  of  the  most  promising 
candidate  genes,  Pbxl ,  for  further  characterization. 

Materials  and  Methods 

Affymetrix  GeneChip  analysis.  Cancer  cell  lines,  including  OVCAR3, 
A2780,  and  MCF7,  were  cultured  in  the  presence  of  1  pmol/L  GSI  (EMD 
Chemicals)  for  48  h.  Control  cells  were  cultured  in  the  presence  of  DMSO 
under  the  same  experimental  condition.  Total  RNA  was  purified  using  a 
RNA  purification  kit  (Qiagen)  and  RNA  samples  were  hybridized  onto  the 
GeneChip  arrays,  HG-U133  Plus  2.0  (Affymetrix),  which  were  spotted  with 
over  47,000  human  transcripts.  The  dChip  software  package4  was  used  for 
data  analysis.  By  comparing  global  gene  expression  profiles  between  GSI- 
treated  and  mock-treated  cells,  we  selected  the  differentially  expressed 
genes  with  levels  >2-foId  in  all  three  tested  cell  lines.  The  differentially 
expressed  genes  were  presented  as  individual  boxes  with  pseudocolor  to 
indicate  gene  expression  levels. 

Quantitative  real-time  PCR.  Relative  transcript  expression  levels  were 
measured  by  quantitative  real-time  PCR  using  method  previously  described 
(13).  The  primer  sequences  were  shown  in  Supplementary  Table  SI.  PCRs 
were  performed  in  triplicates  using  an  iCycler  (Bio-Rad).  The  amplified 
products  were  quantified  by  fluorescence  intensity  of  SYBR  Green  I 
(Molecular  Probes).  Average  fold  changes  were  calculated  by  differences  in 
threshold  cycles  (Ct)  between  pairs  of  samples  to  be  compared.  (3-Amyloid 
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precursor  gene  was  used  for  normalizing  the  cDNA  concentration  of 
each  sample. 

Western  blot  analysis.  Protein  lysates  were  prepared  by  resuspending 
cell  pellets  in  Laemmli  sample  buffer  containing  5%  (3-mercaptoethanol. 
Protein  lysates  were  separated  by  4%  to  12%  Tris-glycine  gel  electrophoresis 
and  transferred  onto  polyvinylidene  difluoride  membrane  using  semidry 
apparatus  (Bio-Rad).  The  membrane  was  blocked  with  5%  nonfat  dry 
milk  in  TBST  (20  mmol/L  Tris-HCl,  0.5  mol/L  NaCl,  0.1%  Tween  20)  and 
incubated  with  primary  antibody  at  room  temperature  for  3  h  followed  by 
washing  with  TBST.  Subsequently,  the  membrane  was  incubated  with 
horseradish  peroxidase  (HRP)-conjugated  secondary  antibody  and  detected 
with  enhanced  chemiluminescence  solution  (Thermo  Scientific).  Antibodies 
used  in  this  study  include  anti-NICD3  (Santa  Cruz  Biotechnology),  anti- 
NH2-terminal  extracellular  subunit  of  Notch3  (Abnova),  anti-Pbxl  (Santa 
Cruz  Biotechnology),  and  anti-Pbxlb  (gift  from  Dr.  Michael  Cleary,  Stanford 
University,  Stanford,  CA). 


Chromatin  immunoprecipitation  assay.  Chromatin  immunoprecipi- 
tation  (ChIP)  was  performed  using  the  ChIP-IT  enzymatic  kit  (Active 
Motif).  HEK293  cells  were  infected  with  control  pBabe-puro  retrovirus  and 
pBabe-CSL/V5  retrovirus  for  24  h  before  fixation  with  1%  paraformalde¬ 
hyde.  The  lysates  of  fixed  cells  were  treated  with  an  enzymatic  shearing 
cocktail  (Active  Motif),  and  the  soluble  fraction  was  incubated  with  4  pL  of 
anti-V5  antibody  or  normal  mouse  IgG  and  precipitated  with  protein  G 
magnetic  beads  at  4°C  for  overnight.  The  cross-links  of  the  DNA  eluate 
were  reversed  by  heating  at  65  °C  for  6  h,  and  the  samples  were  treated 
with  proteinase  K  (10  pg/mL)  at  37  °C  for  1  h.  Quantitative  PCR  was 
performed  using  SYBR  Green  I-based  detection  system  as  described  above 
with  the  PCR  primers  that  amplified  different  Pbxl  promoter  regions 
(primer  sequences  shown  in  Supplementary  Table  SI).  The  input  DNA  was 
defined  as  an  aliquot  of  sheared  chromatin  before  immunoprecipitation 
and  was  used  to  normalize  the  amount  of  chromatin  used  in  each 
experiment  as  previously  described  (14). 


A 


Notch3 

Pbxl 

GAPDH 


> 

§ 

CO 


o 


a : 
< 
o 
> 
o 


•  • 


■* — Pbxl  a 
■* — Pbxlb 


DMSO  GSI 


-3.0  -1.5  0  1.5  3.0 


B 


»10°- 

» 

g  60 

Q. 

X 

LU  20 

"S  10 

N 

TO  5- 


□  DMSO 
■  GSI 


Pbxl 


401  Glypican-6 

□  DMSO 
■  GSI 


o  o-*- 

2  OVCA3  A2780 


JJL 


MCF7 


OVCA3  A2780  MCF7 


Histonel  H4J 

□  DMSO 
■  GSI 


Ha  n. 


JL 


OVCA3  A2780  MCF7 


■  Pbxla 
-Pbxlb 


Figure  1.  Identification  of  Pbxl  as  a  putative  Notch3  target  gene.  A,  top,  Western  blot  was  performed  to  assess  Notch3  protein  expression  in  a  panel  of  cancer 
cell  lines.  OVCAR3,  A2780,  and  MCF7,  which  express  abundant  Notch3  proteins,  were  selected  for  microarray  analysis.  Glyceraldehyde-3-phosphate  dehydrogenase 
(GAPDH)  protein  expression  was  used  as  loading  control.  Of  note,  the  three  cell  lines  with  Notch3  overexpression  also  show  Pbxl  overexpression.  Bottom, 
Affymetrix  GeneChip  analysis  was  performed  to  identify  genes  differentially  expressed  between  GSI-treated  (1  pmol/L)  versus  DMSO-treated  cancer  cells. 
dChip  software  was  used  to  analyze  the  data.  A  cutoff  ratio  of  2  was  used  to  select  the  GSI-sensitive  genes.  Columns  represent  experimental  samples  (cell  lines), 
whereas  rows  represent  genes.  The  expression  level  of  each  gene  in  an  individual  specimen  is  shown  as  a  pseudocolor  gradient  based  on  the  relative  expression 
level  normalized  for  each  gene,  where  red  indicates  high  expression  and  green  indicates  low  expression.  B,  quantitative  real-time  PCR  was  performed  to  confirm 
the  candidate  GSI-sensitive  genes  identified  by  GeneChip  analysis.  The  genes  that  can  be  confirmed  by  quantitative  PCR  include  Pbxl,  gtypican-6,  histone  4C, 
histone  4K,  and  histone  4J.  C,  Western  blot  analysis  shows  that  Pbxl  protein  is  down-regulated  by  either  GSI  or  Notch3  siRNA.  In  contrast,  mock  (no  transfection) 
and  scramble  siRNA  do  not  have  significant  effects  on  Pbxl  protein  expression.  Cells  were  incubated  with  GSI  or  Notch  siRNA  for  48  h  before  assay.  D,  Western  blot 
analysis  of  Pbxl  expression  in  a  panel  of  ovarian  tissues.  LG,  low-grade  ovarian  serous  carcinoma;  HG,  high-grade  ovarian  serous  carcinoma.  *,  samples  with 
protein  degradation.  Pbxla  was  found  to  be  more  susceptible  to  protein  degradation. 
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Hesl  -321  actGTGGGAAaga  -309 
Hes2  -832  ccgGTGGGAAtga  -820 
Hes3  -840  cctGTGGGAAgtc  -828 
Hes4  -204  agtGTGGGAAaga  -192 
Hes5  -490  gcaGTGGGAAgcc  -478 
Heyl  -157  agcGTGGGAAagg  -145 
Hey2  -152  ggcGTGGGAAaga  -140 


Pbxl  -304  caaGTGGGAAggt  -292 
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Figure  2.  Notch3  induces  Pbxl  expression 
through  promoter  activation.  A,  left,  examples 
of  the  conserved  CSL-binding  site  in 
Notch-regulated  genes  in  human.  Consensus 
CSL-binding  sequence  is  bolded.  The 
consensus  CSL-binding  site  is  located  at 
-304  to  -292  at  Pbxl  promoter.  Right,  Pbxl 
promoter  assay  shows  increased  reporter 
activity  in  cells  transfected  with  the  wild-type 
Pbxl  promoter  construct  ( pGL3-Pbx1 ) 
compared  with  cells  transfected  with  vector 
only  control  ( pGL3 ).  In  pGL3-Pbx1 -transfected 
groups,  cells  cotransduced  with  both  CSL  and 
NICD3  retroviruses  show  the  highest  promoter 
activity.  Cells  transduced  with  vector  only 
virus  and  pGL3-Pbx1  also  showed  above 
background  luciferase  activity,  likely  due 
to  the  endogenous  background  expression 
of  CSL  and  Notch  in  OSE.  In  contrast,  cells 
transfected  with  the  mutant  Pbxl  promoter 
construct  ( pGL3-Pbx1  mut)  containing  the 
mutant  CSL-binding  site  show  a  significantly 
lower  luciferase  activity  compared  with  that 
of  wild-type  Pbxl  promoter.  B,  the  pGL3-Pbx1 
promoter  construct  was  transfected  into 
three  cancer  cell  lines  overexpressing  Notch3. 
Pbxl  promoter  activity  was  high  in  each  of 
these  transfected  lines  but  was  significantly 
reduced  by  either  GSI  or  Notch3  siRNA. 


Electrophoretic  mobility  shift  assays.  Nuclear  extracts  were  prepared 
using  the  NE-PER  nuclear  and  cytoplasmic  extraction  reagents  (Pierce 
Biotechnology).  Electrophoretic  mobility  shift  assay  (EMSA)  was  performed 
using  the  LightShift  Chemiluminescent  EMSA  kit  (Pierce  Biotechnology) 
according  to  the  manufacturer’s  protocol.  DNA  fragments  for  two  Pbxl 
promoter  regions  (—254  to  —111  bp  and  —354  to  —254  bp)  were  PCR 
amplified  using  biotinylated  PCR  primers.  The  biotin-labeled  DNA  frag¬ 
ments  were  incubated  with  nuclear  lysate  from  293  cell  transfected  with 
SG5-flag-CSL  and/or  infected  with  NICD3  retrovirus.  Nuclear  protein  (5  pg) 
was  incubated  with  20  fmol  of  biotin-labeled  DNA  probe  for  20  min  at  room 
temperature.  DNA  probe/protein  complexes  were  separated  by  electropho¬ 
resis,  transferred  to  a  nylon  membrane,  incubated  with  streptavidin-HRP, 
and  visualized  by  chemiluminescence. 

Immunohistochemistry.  A  rabbit  polyclonal  anti-NICD3  antibody  and  a 
mouse  anti-Pbxlb  primary  antibody  against  Pbxlb  (15)  were  used  in 
immunohistochemistry.  Tissue  microarrays  containing  81  high-grade 
ovarian  serous  carcinoma  tissues  per  slide  were  deparaffinized  and  antigen 
retrieved  in  a  citrate  buffer  (pH  6.0)  for  10  min.  Immunostaining  was 
performed  using  an  EnVision+  System  Peroxidase  kit  (DAKO).  Immunoin- 
tensity  was  independently  scored  by  two  investigators  based  on  nuclear 
immunoreactivity.  For  discordant  cases,  a  third  investigator  scored  and  the 
final  intensity  score  was  determined  by  the  majority  votes. 

Production  of  Pbxl  and  CSL  retroviruses  and  rescue  assay.  The  PCR 
products  of  Pbxla,  Pbxlb,  and  CSL  were  cloned  into  an  expression  vector, 
pCDNA6  with  a  V5  tag.  The  coding  sequence  of  Pbxla-V5,  Pbxlb-V5,  and 
CSL-V5  was  subcloned  into  the  pBabe-puro  retroviral  vector  and  high-titer 
retroviral  stocks  were  generated  using  Phoenix  ecotropic  packaging  cell 
line.  Retroviral  gene  transfer  was  performed  as  previously  described  (16). 
For  rescue  assay,  cells  were  infected  with  Pbxla  retrovirus  and  the  empty 
pBabe-puro  retrovirus.  Cells  were  cultured  in  the  presence  of  0.7,  1.0,  1.5, 
and  2.0  pmol/L  of  GSI  for  24  h.  Mock-treated  cells  were  cultured  in  the 
presence  of  DMSO  vehicle  control.  Average  cell  counts  and  SDs  were 
derived  from  five  replicates.  Student’s  t  test  was  used  to  determine 
statistical  significance. 

Luciferase  reporter  assay.  Immortalized  ovarian  surface  epithelial 
(OSE)  cells  (OSE10)  were  transfected  with  pGL3  plasmid  (Promega)  or 
pGL3-Pbxl,  which  contains  3.0-kb  Pbxl  promoter  (gift  from  Dr.  S. 
Higashiyama,  Ehime  University,  Ehime,  Japan;  ref.  17).  pKL-Renilla  reporter 
plasmid  (Promega),  which  serves  to  monitor  the  transfection  efficiency,  was 
cotransfected  with  the  pGL3  plasmid.  Transfection  was  carried  out  by 


Lipofectamine  2000  (Invitrogen)  and  luciferase  expression  was  determined 
by  Dual-Glo  luciferase  reagent  (Promega).  The  firefly  luciferase  activity  was 
normalized  to  luminescence  from  Renilla  luciferase,  and  the  ratio  of 
luminescence  from  the  experimental  reporter  to  luminescence  from  the 
control  reporter  was  calculated. 

Transfection  and  cell  growth  assay.  The  sequences  of  Notch3-specific 
siRNAs  and  transfection  method  have  been  previously  described  (8).  Pbxl 
short  hairpin  RNA  (shRNA)  plasmid  that  targeted  Pbxl  coding  sequence  5- 
GCAAGCGACAGAAATCCTGAA-3/  was  purchased  from  the  Mission  shRNA 
collection  at  Sigma-Aldrich.  The  shRNA  sequence  was  subcloned  into  a 
pLKO.l-puro  vector.  For  cell  proliferation  assays,  cells  were  seeded  in 
24-well  culture  plate  and  transfected  with  1  pg  Pbxl  shRNA  plasmid  using 
Lipofectamine  2000.  One  day  after  transfection,  cells  were  plated  into 
96-well  plates  at  a  density  of  3,000  per  well  and  cell  number  was  measured 
at  different  time  points  by  the  incorporation  of  SYBR  Green  I  using  a 
fluorescence  microplate  reader  (FLUOstar,  BMG).  To  determine  if  Pbxl 
expression  is  essential  for  tumor  cell  survival  in  vivo,  we  transfected  A2780 
ovarian  cancer  cells  with  Pbxl  shRNA.  Two  millions  of  transfected  cells 
were  injected  into  the  s.c.  tissue  of  nude  mice.  Tumor  volume  was  measured 
every  other  day  for  18  d. 

Results 

Identification  and  validation  of  Notch3-reguIated  genes  in 
cancer  cells.  To  elucidate  the  mechanisms  by  which  Notch3 
signaling  promotes  tumor  growth  and  survival,  we  first  sought  to 
identify  Notch3-regulated  genes  by  comparing  gene  expression 
between  cancer  cells  treated  either  with  GSI  or  with  DMSO  vehicle 
control.  The  release  of  NICD,  which  is  required  for  Notch  signaling, 
is  mediated  by  y-secretase.  GSI  has  been  shown  to  potently  inhibit 
y-secretase,  thereby  inactivating  Notch  signaling  (18,  19).  Ovarian 
cancer  cell  lines,  including  OVCAR3  and  A2780,  and  a  breast  cancer 
cell  line,  MCF7,  overexpressing  Notch3  were  selected  for  Affymetrix 
GeneChip  analysis  (Fig.  1  A,  top).  Genes  that  showed  2-fold 
differential  expression  from  all  three  cell  lines  were  identified 
using  the  dChip  software  (Fig.  L4,  bottom).  We  specifically  focused 
on  genes  that  were  suppressed  by  GSI  because  those  genes  were 
potentially  up-regulated  by  Notch3.  Among  those  genes  were  Pbxl, 
glypican-6,  histone  1  H4C,  4K,  and  4J,  and  H2A  member  V  and  a  gene 
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containing  the  RERE  repeats.  Using  quantitative  real-time  PCR,  we 
were  able  to  confirm  five  of  them  (Fig.  15).  Pbxl  (pre-B-cell 
leukemia  transcription  factor  1)  was  selected  for  further  charac¬ 
terization  for  several  reasons.  First,  by  GeneChip  analysis,  Pbxl 
showed  the  most  dramatic  and  consistent  down-regulation  by  GSI 
in  all  three  cell  lines  tested.  Second,  Pbxl  protein  expression 
correlated  with  Notch3  expression  in  cell  lines  based  on  Western 
blot  analysis  (Fig.  L4,  top).  Third,  Pbxl  fusion  protein,  E2A-Pbxl,  is 
known  as  a  proto-oncogene  in  leukemia  (20,  21).  Lastly,  the  Pbxl 
promoter  contained  a  consensus  sequence  for  CSL/NICD  binding. 

Two  alternatively  spliced  variants  of  Pbxl,  Pbxla  and  Pbxlb,  have 
been  previously  reported  and  both  shares  same  sequences,  except 
an  additional  exon  in  Pbxla.  Pbxla  encodes  430  amino  acids, 
whereas  Pbxlb  encodes  347  amino  acids.  Pbxlb  shares  the  same 
amino  acid  sequences  as  Pbxla  from  1  to  333  amino  acids  but 
differs  in  its  last  14  amino  acids.  Using  Western  blot  and  reverse 
transcription-PCR  (RT-PCR)  analyses,  we  found  that  both  splicing 
variants  were  present  in  ovarian  cancers,  with  Pbxla  appearing  as 
the  predominant  form  (Fig.  L4;  Supplementary  Fig.  SI). 

The  results  of  GeneChip  analysis  (based  on  2-fold  differential 
expression)  did  not  identify  the  Notch  downstream  target  genes 
previously  reported  in  other  organ  systems.  However,  when  the 
selection  criteria  were  relaxed,  we  found  that  several  of  the  known 
Notch  target  genes  were  moderately  down-regulated  by  GSI 
(Supplementary  Fig.  S2 A).  Quantitative  real-time  PCR  was 
performed  on  eight  of  the  previously  known  target  genes,  including 
HeyL,  Hey2,  TLE2,  TLE4,  and  c-Myc,  in  the  same  three  cell  lines 
selected  for  GeneChip  analysis.  The  real-time  PCR  results  showed 
that  a  consistent  down-regulation  of  gene  expression  on  GSI 
treatment  could  be  observed  in  TLE2  and  TLE4  (Supplementary 
Fig.  S25).  In  addition,  c-Myc  and  cyclin  A2  were  significantly 
decreased  by  GSI  in  two  of  the  three  cell  lines.  These  results 
suggested  that  these  four  genes  may  also  have  a  role  in  mediating 
the  function  of  Notch3  in  some  ovarian  cancer  cells. 

Notch3-dependent  Pbxl  expression.  To  determine  whether 
Pbxl  expression  is  associated  with  Notch3  expression,  we  used  the 
following  approaches.  First,  we  inhibited  NICD3  expression  using 
GSI  and  Notch3-specific  siRNA  in  the  Notch3-expressing  cell  lines 
OVCAR3,  A2780,  and  MCF7.  As  shown  in  Fig.  1C,  both  Notch3 
and  Pbxl  protein  levels  (both  splicing  isoforms)  were  significantly 
reduced  by  either  GSI  or  Notch3  siRNA  treatment.  We  found  that 
GSI  inhibited  the  expression  of  NICD3  in  a  time-dependent  fashion 
(Supplementary  Fig.  S3A).  Similar  findings  were  previously 
reported  (22-24). 

To  determine  whether  Pbxl  protein  expression  correlates  with 
Notch3  protein  expression  in  ovarian  cancer  tissues.  Western  blot 


Figure  3.  Pbxl  b  is  overexpressed  in  high-grade  ovarian  serous  tumors  and 
its  nuclear  expression  level  is  positively  correlated  with  Notch3  activation.  A. 
Western  blot  was  performed  to  determine  the  specificity  of  the  used  anti-Pbxlb 
antibody.  A  predominant  protein  band  corresponding  to  Pbxlb  (-38.4  kDa) 
is  detected  in  MPSC1  transduced  with  Pbxlb  retrovirus  but  not  in  MPSC1 
transduced  with  control  virus  or  in  nontransduced  MPSC1  cells.  A  single 
band  corresponding  to  Pbxl  b  protein  can  also  be  detected  in  ovarian  cancer 
cell  lines,  including  OVCAR3  and  A2780.  Glyceraldehyde-3-phosphate 
dehydrogenase  was  used  as  the  loading  control.  B,  immunohistochemistry  of 
Notch3  and  Pbxlb  in  ovarian  high-grade  serous  carcinoma  tissues  and  in 
normal  ovaries.  Top,  immunostaining  of  Notch3  and  Pbxlb  was  performed 
on  the  same  set  of  high-grade  serous  ovarian  tumors.  Three  representative 
specimens  with  high  Notch3  and  Pbxlb  expression  (Case  A),  medium 
Notch3  and  Pbxlb  expression  (Case  B),  and  undetectable  Notch3  and  Pbxlb 
expression  (Case  C)  are  shown.  Normal  OSE  does  not  show  nuclear  Notch3 
or  Pbxlb  immunoreactivity.  Bottom,  summary  of  immunohistochemical  result. 
Data  show  a  significant  trend  of  Notch3  and  Pbxl  b  coexpression  in  nucleus 
(P  <  0.0001,  Cochran-Armitage  trend  test). 


was  performed  in  a  panel  of  protein  lysates  prepared  from 
immortalized  OSEs,  low-grade  serous  carcinoma  tumor  tissues, 
and  high-grade  serous  carcinoma  tumor  tissues.  The  result  showed 
that  OSEs  and  low-grade  tumors  expressed  low  abundance  of  Pbxl 
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Figure  4.  ChIP  and  EMSA  of  Pbxl 
promoter  region.  A,  ChIP  assay  was 
performed  to  determine  the  CSL-binding 
region  at  the  Pbxl  promoter.  Real-time 
PCR  was  performed  on  fragmented 
chromatin  precipitated  by  an  anti-V5 
antibody  (Ab)  from  293T  cells  previously 
infected  with  CSL-V5  virus  or  control 
virus.  PCR  primers  were  designed  to 
amplify  four  different  regions  at  the  Pbxl 
promoter  (—254/—  111  bp,  -354/- 254  bp, 
—  1 ,074/— 960  bp,  and  —  1 ,252/— 1 ,127  bp). 
Results  were  normalized  to  the  total  input 
of  chromatin  DNA  and  were  presented 
as  the  fold  change  of  CSL-V5-infected 
cells  relative  to  control  virus-infected  cells. 
Columns,  mean  of  triplicate  experiments; 
bars,  SD.  B,  EMSA  was  performed  on 
two  adjacent  regions  at  the  Pbxl  promoter, 
254/  111  bp  and  -354/-254  bp. 

The  -354/-254  bp  region  contains 
the  CSL  consensus  binding  sequence. 
Biotin-labeled  DNA  probe  for  each 
promoter  region  was  incubated  with 
nuclear  lysates  from  HEK293  cells 
transfected  with  CSL  and/or  transduced 
with  NICD3  virus.  The  specificity  of  CSL 
binding  was  determined  in  a  competition 
reaction  in  which  a  100-fold  molar 
excess  of  unlabeled  DNA  probe  was 
added  to  the  binding  reaction.  The  binding 
complex  was  resolved  by  electrophoresis 
on  a  4%  to  12%  Tris-borate  EDTA  gel. 

The  position  of  biotin-labeled  probe  was 
detected  with  avidin-HRP  followed  by 
chemiluminescence. 


or  Notch3.  In  comparison,  most  high-grade  tumors  expressed  high 
levels  of  Notch3  and  Pbxl  (Fig.  ID). 

To  determine  if  protein  synthesis  was  required  for  suppression  of 
Pbxl  transcription  by  GSI,  cycloheximide  was  added  to  the  cell 
culture  system  to  block  protein  synthesis.  Cells  overexpressing 
Notch3  were  treated  with  1  pmol/L  GSI  for  6  hours  to  down- 
regulate  Pbxl  expression.  Cells  were  then  washed  and  incubated 
with  medium  with  (mock  washout)  or  without  GSI.  As  shown  in 
Supplementary  Fig.  S4,  in  the  absence  of  GSI,  a  rapid  up-regulation 
of  Pbxl  transcripts  was  detected  even  in  the  presence  of 
cycloheximide.  In  contrast,  continuous  presence  of  GSI  suppressed 
the  Pbxl  transcription.  These  results  indicated  that  Pbxl 
transcription  regulation  by  Notch3  did  not  require  de  novo  protein 
synthesis. 

Next,  we  asked  if  Notch3  was  directly  involved  in  transcriptional 
regulation  of  Pbxl.  Using  a  Pbxl  promoter-luciferase  reporter 
construct  (17),  we  measured  Pbxl  promoter  activity  in  OSE  cells 
derived  from  normal  OSE.  This  promoter  construct,  pGL3-Pbxl, 
includes  a  3.0-kb  Pbxl  promoter  region  containing  one  CSL 
consensus  binding  site  located  at  —304  to  —292  bp  upstream  of  the 
translation  initiation  codon  (Fig.  2 A,  left).  pGL3-Pbxl  was  trans¬ 
fected  into  OSE  cells,  which  were  previously  engineered  to  express 
CSL,  NICD3,  or  both.  As  shown  in  Fig.  2 A  (right),  luciferase  activity 


was  significantly  higher  in  pGL3-Pbxl-transfected  groups  com¬ 
pared  with  pGL3-transfected  groups.  A  low  level  of  luciferase 
activity  was  detected  in  pGL3-Pbxl-transfected  cells  even  in  the 
absence  of  CSL  or  NICD3  virus  transduction,  likely  due  to 
endogenous  CSL  and  NICD3  in  OSE  cells.  Luciferase  activity  was 
further  enhanced  in  cells  cotransduced  with  CSL  and  NICD3.  To 
test  the  specificity  of  the  promoter  activity,  we  created  a  promoter 
construct  that  carried  mutated  CSL-binding  site  (GTAATAC). 
When  assayed  in  OSE  cells,  luciferase  activity  driven  by  the 
pGL3-Pbxl  mutant  reporter  was  significantly  reduced  under  all 
experimental  conditions,  indicating  that  a  functional  CSL  site  was 
required  for  promoter  activity. 

Pbxl  promoter  reporter  construct  was  also  used  to  test 
promoter  activity  in  cell  lines  (OVCAR3,  A2780,  and  MCF7)  that 
expressed  both  Notch3  and  Pbxl.  In  these  experiments,  we 
determined  if  inactivating  Notch3  using  GSI  or  Notch3  siRNA 
would  lead  to  inhibition  of  luciferase  reporter  activity.  Indeed,  in  all 
Notch3-expressing  cell  lines  examined,  GSI  and  Notch3  siRNA 
treatment  led  to  a  significant  suppression  in  Pbxl  promoter 
reporter  activity  (Fig.  2 B). 

Correlation  of  Pbxlb  expression  and  NICD3  immunoreac- 
tivity  in  tumor  samples.  The  above  results  showed  that  Pbxl 
expression  was  transcriptionally  regulated  by  Notch3  pathway 
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activation.  To  determine  if  this  association  also  occurred  in  vivo, 
we  performed  immunohistochemistry  to  assess  Notch3  and  Pbxl 
expression  levels  in  a  series  of  ovarian  serous  carcinoma  tissues. 
After  an  extensive  search  for  Pbxl  antibodies  that  worked  in 
formalin-fixed,  paraffin-embedded  tissues,  we  only  identified  an 
antibody  against  the  COOH  terminus  of  Pbxlb  that  recognized  the 
antigen  in  paraffin  sections.  The  specificity  of  this  antibody  was 
confirmed  by  showing  that  a  single  protein  band,  corresponding 
to  the  molecular  mass  of  Pbxlb  protein,  was  detected  in  Pbxlb 
gene-transduced  MPSC1  cells  but  not  in  vector-transduced  or  in 
parental  MPSC1  cells  (Fig.  3d).  Because  Western  blot  and  RT-PCR 
both  showed  coexpression  of  Pbxla  and  Pbxlb  in  ovarian  tissues, 
Pbxlb  immunoreactivity  was  used  as  the  surrogate  marker  for  Pbxl 
expression.  The  specificity  of  the  Notch3  antibody  and  its 
application  in  immunohistochemistry  has  been  shown  in  previous 
reports  (8,  16).  Because  nuclear  localization  of  Notch  is  an 
indication  of  pathway  activation  and  Pbxlb  is  a  nuclear 
transcription  factor,  we  focused  on  evaluating  nuclear  immunore¬ 
activity  of  both  proteins.  Pbxlb  nuclear  immunoreactivity  was 
always  either  intense  or  very  weak/undetectable,  whereas  Notch3 
nuclear  immunoreactivity  showed  a  range  of  intensity  (0,  1+,  2+, 
and  3+).  Representative  immunostaining  results  on  tissue  sections 
are  shown  in  Fig.  3 B.  Using  the  Cochran-Armitage  trend  test, 
we  found  that  there  was  a  significant  trend  between  Pbxlb  and 
Notch3  nuclear  co-overexpression  in  ovarian  serous  carcinoma 
tissues  (P  <  0.0001;  Fig.  3 B). 

To  further  determine  the  Pbxl  expression  pattern  in  OSE,  low- 
grade,  and  high-grade  serous  carcinoma  tissues,  we  performed 
quantitative  RT-PCR  using  PCR  primers  that  amplified  both  Pbxla 
and  Pbxlb.  The  data  showed  significantly  higher  Pbxl  mRNA  levels 
in  high-grade  serous  carcinoma  tissues  than  in  normal  OSE  cells  or 
low-grade  serous  carcinomas  (Supplementary  Fig.  S5),  a  finding 
supporting  the  results  using  Western  blot  analysis  shown  in  Fig.  ID. 

Direct  interaction  between  CSL/NICD3  protein  complex 
and  the  Pbxl  promoter  region.  The  above  findings  indicated 
transcriptional  regulation  of  Pbxl  by  Notch3  and  were  suggestive 
of  direct  interaction  of  Notch3/CSL  complex  with  the  Pbxl 
promoter.  To  determine  if  this  is  the  case,  we  performed  ChIP 
and  EMSA.  ChIP  using  an  anti-V5  tag  antibody  in  CSL-V5- 


transdnced  HEK293  cells  compared  with  vector-transduced 
HEK293  cells  showed  that  among  different  Pbxl  promoter 
segments,  a  fragment  spanning  nucleotides  —354  to  —254  bp 
(—354/— 254)  containing  the  canonical  consensus  CSL-binding 
sequence  bound  most  robustly  to  the  CSL  protein  (Fig.  4 A). 
Immunoprecipitation  of  the  CSL-containing  DNA  segment  seemed 
to  be  specific,  as  ChIP  using  control  mouse  IgG  instead  of  anti-V5 
antibody  did  not  bring  down  this  fragment  (data  not  shown). 

EMSA  was  performed  to  determine  if  the  NICD3/CSL  protein 
complex  directly  bound  to  the  Pbxl  promoter  region  containing 
the  CSL-binding  sequence.  For  this  purpose,  a  DNA  probe  spanning 
the  —354/— 254  region  at  the  Pbxl  promoter  containing  the 
canonical  CSL  consensus  site  was  generated.  An  adjacent  DNA 
segment  (—254/— 111)  was  used  as  a  control.  As  shown  in  Fig.  4 B,  a 
band  shift  can  be  detected  in  the  CSL-expressing  group  only  when 
the  —354/— 254  probe  was  used  in  the  assay.  Binding  of  the  CSL 
complex  to  the  labeled  probe  could  be  competitively  inhibited  by 
100-fold  molar  excess  of  unlabeled  probes  (Fig.  4 B).  Furthermore, 
when  NICD3  was  coexpressed  with  CSL  in  the  same  cells,  the  band 
shifted  to  a  higher  molecular  weight,  corresponding  to  the  NICD3/ 
CSL  complex.  This  higher  molecular  weight  band  is  more  intense 
than  the  band  formed  in  the  absence  of  Notch3,  suggesting  that  the 
NICD3/CSL  complex  forms  a  more  stable  complex  with  the  Pbxl 
promoter.  A  similar  effect  in  the  molecular  weight  shift  has  been 
reported  in  the  Notchl/CSL  complex  (9). 

Functional  roles  of  Pbxl  in  Notch3  signaling.  To  determine 
the  biological  effects  of  Pbxl  in  mediating  Notch3  signaling,  we 
examined  if  ectopic  expression  of  Pbxl  (Fig.  5 A)  could  reverse  GSI- 
mediated  growth  inhibition  in  A2780,  OVCAR3,  and  MCF7  cells.  We 
found  that  compared  with  control  virus  expression,  constitutive 
expression  of  ectopic  Pbxl  could  significantly  protect  the  cells  from 
the  growth-inhibitory  effect  of  GSI  at  1  to  2  pmol/L  concentration 
(Fig.  5 B).  However,  ectopic  expression  of  Pbxl  did  not  increase  cell 
number  in  the  same  cell  lines  (data  not  shown),  suggesting  that 
Pbxl  alone  is  not  sufficient  to  promote  cell  growth. 

To  assess  if  Pbxl  was  essential  for  ovarian  cancer  cell  growth,  we 
examined  the  effect  of  Pbxl  shRNA  on  cell  proliferation.  Pbxl 
shRNA  was  transfected  into  A2780,  OVCAR3,  and  MCF7  cells,  all  of 
which  expressed  both  Notch3  and  Pbxl.  The  efficiency  of  Pbxl 


Increasing  GSI  concentration 


Figure  5.  Constitutive  Pbxla  expression  rescues  cancer  cells  from  GSI-induced  growth  inhibition.  A,  Pbxla  cDNA  tagged  with  a  V5  epitope  was  cloned  into  the 
pBabe  retroviral  vector  (controlled  by  a  cytomegalovirus  promoter).  Cells  were  transduced  with  the  resulting  Pbxla  retrovirus  and  analyzed  by  Western  blot. 
Pbxla  protein  was  detected  using  an  anti-V5  antibody.  B.  Notch3-expressing  cancer  cell  lines  (including  OVCAR3,  A2780,  and  MCF7)  transduced  with  Pbxla 
or  control  retrovirus  were  treated  with  various  concentrations  of  GSI.  The  results  show  that  ectopic  Pbxla  expression  reduces  sensitivity  to  growth  inhibition 
at  1  to  2  pmol/L  of  GSI. 
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Figure  6.  Pbxl  knockdown  by  shRNA  inhibits  cell  proliferation.  A,  Pbxl  shRNA  was  found  to  specifically  suppress  Pbxl  protein  expression  during  the  course  of 
the  experiment  (2-5  d  after  transfection).  Control  shRNA  or  mock  transfection  did  not  have  such  effect.  B,  Pbxl  shRNA  suppresses  the  growth  of  tumor  cell  lines, 
including  OVCAR3,  A2780,  and  MCF7,  which  express  both  Notch3  and  Pbxl  in  vitro.  In  contrast,  Pbxl  shRNA  does  not  show  significant  growth-inhibitory  effects 
on  MPSC1,  SKOV3,  and  TOV21G  ovarian  cancer  cells  that  do  not  express  detectable  levels  of  Pbxl.  C,  BrdUrd  uptake  assay  showed  a  reduction  in  DNA  synthesis 
in  cancer  cells  treated  with  Pbxl  shRNA  compared  with  control  shRNA-transfected  and  mock-transfected  groups.  *,  P  <  0.001.  D,  Pbxl  gene  knockdown  reduces 
tumorigenicity  of  A2780  tumors  in  nude  mice.  Bars,  average  of  tumor  weight. 


shRNA  in  suppressing  Pbxl  protein  expression  was  shown  by 
Western  blot  analysis  (Fig.  6 A).  Among  all  three  cell  lines, 
compared  with  cells  with  mock  transfection  or  control  shRNA 
transfection,  Pbxl  shRNA-transfected  cells  showed  a  significant 
reduction  in  cell  number  (Fig.  6 B).  The  decrease  in  cell  number  in 
Pbxl  shRNA-treated  cells  was  due  to  suppression  of  DNA  synthesis 
as  evidenced  by  reduced  bromodeoxyuridine  (BrdUrd)  uptake 
(Fig.  6C).  Increased  apoptosis  did  not  seem  to  be  a  factor  because 
the  percentage  of  apoptotic  cells  was  similar  between  Pbxl 
shRNA-treated  and  control  shRNA-treated  cells  (data  not  shown). 
In  ovarian  cancer  cells,  including  MPSC1,  SKOV3,  and  TOV21G, 
which  did  not  express  detectable  levels  of  Pbxl  or  Notch3,  Pbxl 
shRNA  did  not  have  significant  effects  on  cell  growth  (Fig.  6 B). 

To  determine  the  role  of  Pbxl  on  tumor  development,  we  used 
shRNA  to  knock  down  Pbxl  expression  in  A2780  cells  and 
measured  their  ability  to  form  s.c.  tumors  in  athymic  tiu/nu  mice. 
We  observed  a  difference  in  forming  s.c.  tumors  between  Pbx 
shRNA-treated  versus  control  shRNA-treated  groups  (Fig.  6 D). 
Eight  of  10  mice  in  the  control  shRNA-treated  group  grew  tumors, 
whereas  only  2  of  10  mice  in  the  Pbxl  shRNA-treated  group  grew 
tumor  ( P  <  0.05,  Fisher’s  exact  test).  The  two  tumors  that  grew  in 
the  Pbxl  shRNA-transfected  group  were  examined  for  Pbxl 
expression  by  immunohistochemistry  and  quantitative  RT-PCR 


and  were  found  to  harbor  significant  Pbxl  expression.  This  result 
suggests  that  tumor  cell  formation  in  these  animals  was  likely  the 
result  of  clonal  selection  in  favor  of  Pbxl-expressing  cells.  However, 
there  is  no  significant  difference  in  tumor  volume  between  Pbxl 
shRNA-treated  versus  control  shRNA-treated  group  possibly  due 
to  high  variance  of  tumor  size. 

Discussion 

Notch  signaling  is  involved  in  diverse  cellular  functions, 
including  cell  fate  determination,  morphogenesis,  and  oncogenesis, 
which  are  mediated  by  unique  Notch  downstream  effectors. 
Expression  of  specific  Notch  downstream  genes  is  tissue  and 
context  dependent.  Although  a  repertoire  of  Notch-controlled 
genes  has  been  identified,  the  Notch  effectors  that  are  involved  in 
the  development  of  human  cancer  remain  elusive.  In  this  study,  we 
report  a  novel  Notch3-regulated  gene,  Pbxl,  in  ovarian  cancer  cells 
and  show  that  transcriptional  regulation  of  Pbxl  is  a  direct 
consequence  of  Notch3  activation.  Our  functional  studies  provide 
evidence  that  Pbxl  mediates,  at  least  in  part,  the  effect  of  Notch 
activation  in  the  development  of  ovarian  cancer. 

Several  approaches  were  used  in  this  study  to  show  that  Pbxl 
was  the  direct  downstream  target  gene  of  the  Notch3  signaling 
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pathway.  First,  Pbxl  promoter  activity  increased  on  ectopic 
expression  of  CSL  and  NICD3  and  decreased  after  treating  cells 
with  either  GSI  or  Notch3-specific  siRNA.  Furthermore,  mutating 
CSL  consensus  binding  site  at  Pbxl  promoter  leads  to  an 
abolishment  of  Pbxl  promoter  activity.  Therefore,  our  data  showed 
a  significant  association  between  Notch3  pathway  activation  and 
Pbxl  transcription  activity.  Second,  ChIP  and  gel  shift  assays 
showed  that  there  was  a  direct  interaction  between  the  NICD3/CSL 
complex  and  the  Pbxl  promoter  sequence  containing  the 
consensus  CSL-binding  site.  Third,  constitutive  expression  of 
Pbxl  could  rescue  cells,  at  least  partially,  from  the  growth- 
suppressive  effects  of  GSI.  Furthermore,  our  recent  study  using  a 
coculture  system  also  showed  that  Pbxl  promoter  activity  was 
stimulated  on  Notch3  and  Jagged-1  binding,  and  this  activity  was 
attenuated  by  Notch3  siRNA  (25). 

In  this  study,  GSI  treatment  in  Notch3-expressing  cell  lines  was 
associated  with  a  time-dependent  decrease  of  NICD3  protein.  This 
observation  is  similar  to  those  previously  reported  (22-24). 
Furthermore,  we  also  found  that  the  expression  of  full-length 
Notch3  as  well  as  NHo-terminal  extracellular  subunit  of  Notch3  was 
also  down-regulated  by  GSI  (Supplementary  Fig.  S3B).  This  could  be 
due  to  Notch3  transcription,  which  is  regulated  by  NICD3  through  a 
positive  feedback  loop.  Accordingly,  when  NICD3  generation  was 
inhibited  by  GSI,  it  also  affected  the  transcription  of  Notch3,  leading 
to  further  reduction  of  the  Notch3  protein  expression.  Indeed, 
several  studies  have  shown  the  positive  feedback  regulation  of 
Notch  expression  by  its  own  signaling  in  a  variety  of  organisms, 
including  Caenorhabditis  elegans  (26),  Drosophila  (27),  and  mouse 
(28).  Although  the  above  is  our  preferred  explanation,  it  remains 
possible  that  GSI  can  directly  affect  transcription  of  certain  genes  in 
addition  to  its  effect  in  inhibiting  y-secretase. 

In  this  study,  Pbxl  shRNA  was  found  to  inhibit  proliferation  but 
did  not  have  a  significant  effect  on  apoptosis.  Our  earlier  study, 
however,  showed  that  inhibiting  Notch3  signaling  affected  both 
proliferation  and  apoptosis  (8).  These  results  suggest  that  Pbxl 
mediates  part,  but  not  all,  of  the  effects  of  the  Notch3  pathway 
activation.  Toward  this  end,  we  have  identified  other  candidate 
Notch3-regulated  genes  in  ovarian  carcinoma  through  microarray 
analysis.  Although  confirmation  is  required,  it  is  possible  that  some 
of  these  genes  work  in  concert  with  Pbxl  to  mediate  the  tumor 
survival  of  Notch3  activation. 

Pbxl  is  a  member  of  the  three-amino  acid  loop  extension  class 
of  homeodomain  transcription  factors  and  can  form  multimeric 
transcriptional  complexes  with  other  homeodomain  proteins,  such 
as  Hox  (29)  and  MyoD  (30),  and  can  participate  in  a  variety  of 
transcriptional  regulatory  processes.  Deletion  of  Pbxl  resulted  in 
organ  hypoplasia  and  defects  in  B-cell  differentiation,  indicating 
that  Pbxl  expression  is  essential  for  organ  development  (31-35). 
Pbxl  was  initially  identified  as  a  proto-oncogene  in  human 
leukemia  cells  harboring  the  translocation  t(l;19)(q23;pl3.3)  that 
produced  an  oncogenic  E2A-Pbxl  fusion  protein  (20,  36).  The 
fusion  of  the  potent  transcriptional  activation  domain  of  E2A  in 
chromosome  19  onto  the  DNA-binding  domain  of  Pbxl  in 
chromosome  1  contributes  to  the  acute  lymphoblastic  phenotype 


by  modifying  expression  of  genes  normally  responsive  to  Pbxl. 
In  addition  to  leukemia,  Pbxl  is  highly  expressed  in  melanoma 
cells  and  Pbxl  gene  knockdown  leads  to  growth  suppression 
in  melanoma  cells  (17).  Consistent  with  this  result,  we  showed 
in  this  report  that  knockdown  of  Pbxl  significantly  reduced 
cellular  proliferation  and  tumorigenicity  in  cancer  cells  over¬ 
expressing  both  Pbxl  and  Notch3,  suggesting  that  Pbxl  expression 
provides  a  survival  signal  in  cancer  cells  that  are  dependent 
on  Pbxl  pathway. 

Identification  of  Pbxl  as  a  Notch3-regulated  gene  in  cancer  cells 
has  the  following  biological  and  clinical  implications.  First,  our 
results  further  support  the  view  that  Notch3  signaling  is  mediated 
by  different  downstream  targets  in  different  pathophysiologic 
settings.  In  ovarian  cancer,  Pbxl  seems  to  be  one  of  the 
downstream  targets  that  mediate  Notch3  function.  Second,  Pbxl 
may  function  as  a  molecular  hub  for  different  pathways,  including 
Notch  and  Hox  It  has  been  shown  that  Pbxl  can  directly  interact 
with  Hox  (37)  and  other  homeodomain  proteins,  including  Meis 
(38).  The  Pbxl-Meis  complex  functions  as  a  cofactor  with  Hox  to 
further  enhance  DNA-binding  activity  (15).  The  critical  role  of  Hox 
has  been  well  documented  in  a  variety  of  human  neoplastic 
diseases,  including  leukemia  (39,  40)  and  ovarian  cancer  (41-43). 
Our  findings  suggest  that  Notch3  activation  potentially  modulates 
the  function  of  Hox  protein  through  transcriptional  up-regulation 
of  Pbxl.  Further  experiments  are  needed  to  more  fully  establish  the 
putative  link  between  Notch3  and  Hox  in  the  tumorigenesis  of 
ovarian  cancer.  Third,  the  findings  that  Pbxl  is  essential  for  ovarian 
cancer  cell  survival  and  proliferation  suggest  that  Pbxl  might  be  a 
potential  target  for  therapeutics  in  ovarian  cancer  in  which  Notch3 
is  activated.  These  tumors  may  have  developed  Notch3-Pbxl 
pathway-dependent  cellular  machinery  for  growth  and  survival.  If 
so,  withdrawal  or  inhibition  of  Pbxl  expression  may  have  a  potent 
growth-inhibitory  effect.  The  cytotoxicity  associated  with  GSI, 
especially  on  the  gastrointestinal  tract,  is  a  major  obstacle  of  its 
application  to  cancer  patients  (19,  44).  Alternative  strategies  to 
specifically  block  Notch  downstream  targets,  such  as  Pbxl,  are 
warrant  to  be  developed. 
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Abstract 

The  chromosome  llql3.5  locus  is  frequently  amplified  in 
several  types  of  human  cancer.  We  have  previously  shown  that 
llql3.5  amplification  was  associated  with  significantly 
shorter  overall  survival  in  ovarian  cancer  patients,  but  the 
molecular  mechanisms  of  how  amplification  of  this  locus 
contributes  to  disease  aggressiveness  remain  unclear.  Because 
ovarian  cancer  mortality  is  primarily  related  to  resistance  of 
chemotherapeutic  agents,  we  screened  the  top  six  candidate 
genes  within  this  amplicon  for  their  contribution  to  drug 
resistance.  Rsf-1  (also  known  as  HBXAP)  was  found  to  be  the 
only  gene  in  which  gene  knockdown  sensitized  tumor  cells  to 
paclitaxel.  Rsf-1  has  been  known  to  interact  with  hSNF2H  to 
form  an  ISW1  chromatin  remodeling  complex.  We  found  that 
Rsf-1  was  up-regulated  in  paclitaxel-resistant  ovarian  cancer 
cell  lines,  and  Rsf-1  immunoreactivity  in  primary  ovarian 
carcinoma  tissues  correlated  with  in  vitro  paclitaxel  resis¬ 
tance.  Ectopic  expression  of  Rsf-1  significantly  enhanced 
paclitaxel  resistance  in  ovarian  cancer  cells.  Down-regulation 
of  hSNF2H  or  disruption  of  hSNF2H  and  Rsf-1  interaction 
enhanced  paclitaxel  sensitivity  in  tumor  cells  with  Rsf-1  up- 
regulation.  Rsf-1  expression  altered  expression  in  several 
genes  and  activated  certain  signaling  pathways  that  may 
contribute  to  drug  resistance.  In  conclusion,  our  results 
suggest  that  Rsf-1  is  the  major  gene  within  the  llql3.5 
amplicon  that  contributes  to  paclitaxel  resistance,  and  the 
formation  of  the  Rsf-1  /hSNF2H  complex  is  required  for 
inducing  this  phenotype.  [Cancer  Res  2009;69(4):OFl-9] 

Introduction 

Gene  amplification  is  a  common  mechanism  underlying 
oncogenic  activation  in  human  cancer  (1,  2).  Amplification  of 
MYC  family  genes,  EGFR,  ERBB2  ( Her2/neu ),  CCND1  ( cyclin  Dl), 
CCNE  (cyclin  E),  and  EGER,  has  been  reported  in  a  variety  of 
human  neoplastic  diseases.  Amplifications  in  several  of  the 
oncogenes  are  associated  with  worse  clinical  outcome  and  are 
amenable  to  specific  targeted  therapy  (3).  In  an  effort  to  identify 
amplified  chromosomal  regions  that  may  harbor  novel  cancer- 
associated  genes,  we  have  applied  both  digital  karyotyping  (4)  and 
single  nucleotide  polymorphism  arrays  (5)  to  analyze  DNA  copy 
number  alterations  in  purified  high-grade  ovarian  serous  carcino¬ 
ma,  one  of  the  most  aggressive  type  of  neoplastic  diseases  in 
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women.  Based  on  previous  studies  (6,  7),  we  found  that  the  most 
common  amplicons  in  high-grade  ovarian  serous  carcinomas  were 
those  harboring  CCNE  ( cyclin  El),  Notch3,  AKT2,  and  a  discrete 
chromosomal  region  at  llql3.5  that  contained  several  cancer- 
associated  genes  including  p21/cdc42/Rad-activated  kinase  ( PAK1 ; 
refs.  8,  9),  Gab2  (10),  and  Rsf-1  (HBXAP-,  ref.  6).  Fluorescence  in 
situ  hybridization  analysis  showed  llql3.5  amplification  in  13%  to 
15%  of  high-grade  ovarian  serous  carcinomas  (6,  7).  Ilql3.5 
amplification  was  significantly  associated  with  worse  clinical 
outcome  in  patients  with  high-grade  serous  carcinomas  in 
independent  retrospective  cohorts  (6,  11).  Besides  ovarian  cancer, 
this  amplicon  is  frequently  detected  in  several  human  malignan¬ 
cies  including  breast,  oral,  esophageal,  and  head  and  neck 
carcinomas  (12).  These  findings  suggest  that  gene(s)  within  this 
amplicon  may  contribute  to  clinical  aggressiveness  in  the 
neoplasms  with  llql3.5  amplification. 

The  clinical  outcome  in  ovarian  cancer  patients  depends  on 
several  factors,  and  the  development  of  drug  resistance  is  one  of 
the  main  causes  that  account  for  the  poor  prognosis  in  patients 
who  suffer  from  this  disease.  To  identify  the  potential  gene(s) 
within  the  llql3.5  amplicon  that  may  play  a  mechanistic  role  in 
developing  drug  resistance  in  high-grade  ovarian  serous  carcino¬ 
mas,  we  first  selected  the  top  six  genes  within  this  amplicon  that 
showed  the  most  significant  correlation  between  DNA  and  RNA 
copy  number  from  a  total  of  14  genes  within  the  amplicon.  After 
knockdown  of  each  gene  using  RNA  interference,  we  determined 
their  sensitivity  to  paclitaxel  and  carboplatin,  which  are  routinely 
used  in  treating  ovarian  cancer  patients  after  cytoreduction 
surgery.  We  found  that  Rsf-1  knockdown  significantly  decreased 
the  IC50  of  paclitaxel  in  ovarian  cancer  cells.  In  this  study,  we 
further  characterized  the  molecular  mechanism  of  how  Rsf-1 
expression  contributed  to  the  development  of  drug  resistance. 

Materials  and  Methods 

Cell  lines  and  culture  conditions.  Ovarian  cancer  cells  including 
0VCAR3,  SK0V3,  and  A2780  cells  were  purchased  from  American  Type 
Culture  Collection,  and  MPSC1  was  previously  established  by  us  (13). 
Paclitaxel-  and  carboplatin-resistant  cell  lines  were  generated  by  selecting 
the  viable  MPSC1,  A2780,  OVCAR3,  and  SKOV3  cells  3  mo  after  exposure  to 
paclitaxel  (0.25-0.5  pmol/L)  or  carboplatin  (0.5-2.0  pg/mL).  The  resistant 
cell  clones  from  each  cell  line  were  maintained  in  culture  medium 
containing  paclitaxel  (0.25  pmol/L  for  SKOV3  and  0.5  pmol/L  for  A2780, 
OVCAR3,  and  MPSC-1)  or  carboplatin  (2.0  pg/mL  for  SKOV3  and  MPSC1, 
1.0  pg/mL  for  A2780,  and  0.5  pg/mL  for  OVCAR3).  All  the  cell  lines  used  in 
this  study  were  cultured  in  RPMI  1640  containing  5%  fetal  bovine  serum. 

Selection  of  genes  within  the  llql3.5  amplicon  for  functional 
studies.  As  reported  in  our  previous  study  (6),  10  high-grade  ovarian  serous 
carcinomas  with  llql3.5  amplification  and  53  control  specimens  without 
such  amplification  were  analyzed  to  assess  mRNA  levels  in  all  the  genes 
within  the  minimal  amplicon  using  quantitative  real-time  PCR.  The  control 
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Q3  group  included  1  freshly  brushed  ovarian  surface  epithelium  (kind  gift  from 
Dr.  M.  Birrer),  6  benign  cystadenomas,  10  serous  borderline  tumors,  and  36 
high-grade  serous  carcinomas  that  did  not  harbor  llql3.5  amplification.  In 
our  previous  report  (6),  we  performed  quantitative  real-time  PCR  for  all  the 
genes  except  NARS2  because  this  gene  has  only  recently  been  updated  to 
the  genome  assembly  database.  Thus,  the  NARS2  expression  level  was 
analyzed  in  this  study  using  the  same  method  as  used  for  other  genes  (6). 
The  Mann-Whitney  (rank  sum)  test  was  used  to  determine  the  significance 
in  individual  gene  expression  between  llql3.5-amplified  and  nonamplified 
specimens. 

Rsf-1  inducible  cell  clones.  The  full-length  Rsf-1  gene  tagged  with  a  V5 
epitope  tag  at  the  COOH-terminal  was  cloned  into  the  Tet-off  expression 
vector,  pTRE-hygro  (Clontech).  Parental  SKOV3  cells  were  first  transfected 
with  a  tetracycline-controlled  transactivator  (tTA)  expression  vector,  and 
the  tTA  stable  clones  were  selected  by  G418  (300  pg/mL).  The  inducible  Rsf- 
1  vector  was  then  introduced  into  the  SKOV3-tTA  cells,  and  the  stable 
transfectants  were  selected  by  150  pg/mL  hygromycin  and  maintained  in 
the  culture  medium  containing  300  pg/mL  G418,  150  pg/mL  hygromycin, 
and  2  pg/mL  doxycycline.  In  this  study,  we  selected  two  clones  of  Rsf-1 
inducible  cells  and  the  pooled  control  cells  with  the  tTA-vector  only 
construct.  To  determine  the  efficiency  of  Rsf-1  induction  in  the  Tet-off 
system,  we  performed  Western  blots  to  analyze  Rsf-1  protein  expression  at 
different  time  points  after  the  gene  was  turned  on  using  doxycycline-free 
medium. 

Immunohistochemistry.  A  mouse  monoclonal  anti-Rsf-1  antibody 
(clone  5H2/E4)  was  purchased  from  Upstate  and  was  used  in  immunohis¬ 
tochemistry  at  a  dilution  of  1:2,000.  The  specificity  of  the  antibody  has  been 
validated  in  previous  reports  (6,  14).  An  EnVision-i-  System  peroxidase  kit 
(DAKO)  was  used  for  staining  following  the  manufacturer’s  instruction. 
Immunohistochemical  staining  was  carried  out  on  tissue  microarrays 
containing  99  high-grade  ovarian  serous  carcinoma  tissues  for  which  their 
in  vitro  drug  resistance  status  was  available.  Immunointensity  for  Rsf-1  was 
scored  as  low  (<2)  or  high  (>2).  This  criterion  was  used  because  of  a 
significant  correlation  between  immunointensity  (score  >2)  and  Rsf-1 
amplification  (6). 

Real-time  reverse  transcription-PCR.  Relative  gene  expression  was 
measured  by  quantitative  real-time  PCR  using  an  iCycler  (Bio-Rad),  and 
threshold  cycle  numbers  (Ct)  were  obtained  using  the  iCycler  Optical 
system  interface  software.  PCR  primers  were  designed  using  the  Primer  3 
program.  The  primers  for  NARS2  real-time  PCR  were  5  -GACTCTGAGG- 
GAGCTG  GAGAAC-3'  (forward)  and  5 - AAGGT C GGAC C AAAGGTA- 
AACA-3’  (reverse).  The  primers  for  cysteine-rich  protein  61  ( CYR61 )  were 
5'-CTCCCTGTTTTTGGAATGGA-3'  (forward)  and  5'-TGGTCTTGC- 
TGCATTTCTTG-3’  (reverse).  The  primers  for  osteopontin  were  5- 
TGAAATTCATGGCTGTGGAA-3'  (forward)  and  5'-ATG  GTGCATA- 
CAAGGCCATC-3'  (reverse).  The  primers  for  CTGF  were  5'-CCTGGTCCA- 
GACCA  CAGAGT-3'  (forward)  and  5'-TGGAGATTTTGGGAGTACGG-3' 
(reverse).  The  other  primers  including  those  for  Rsf-1,  HSNF2H,  and  13- 
amyloid  precursor  protein  ( APR )  genes  were  shown  in  previous  reports  (6, 
15).  The  mean  Ct  of  the  gene  of  interest  was  calculated  from  replicate 
measurements  and  normalized  with  the  mean  Ct  of  a  control  gene,  APP, 
for  which  expression  is  relatively  constant  among  the  SAGE  libraries 
analyzed  (16). 

Gene  knockdown  using  small  interfering  RNA  and  small  hairpin 
RNA.  For  functional  screening  of  the  top  six  genes,  we  purchased  two  small 
hairpin  RNAs  (shRNA)  for  each  gene  from  Sigma.  hSNF2H-specific  small 
interfering  RNAs  (siRNA;  UUCAAAUCGAGUGCAAACA  and  UUAAUAUCC- 
GAGUAUACCA)  and  control  siRNA  that  targeted  the  Lucifer ase  gene 
(GAUUAAAUCUUCUAGCGACUGCUUCGC)  were  synthesized  by  the  Inte¬ 
grated  DNA  Technologies.  Cells  were  transfected  with  shRNA  or  siRNA  at  a 
final  concentration  of  2  pg  or  200  nmol/L,  respectively,  using  Lipofectamine 
(Invitrogen).  Six  hours  after  transfection,  the  cells  were  washed  and 
harvested  the  next  day  for  cell  growth  and  drug  resistance  assays.  To 
enhance  the  silencing  effect  of  Rsf-1  transcripts  in  the  follow-up 
experiments,  we  used  lentivirus  carrying  the  Rsf-1  shRNA  sequence 
templates  (CCGGCCAGTTCTGAAC  TTTGAAGATCTCGAGATCTT- 
CAAAGTTCAGAACT)  and  (CCGGCTTCTGAGA  CAAAGGGTTCTACTC- 


GAGTAGAACCCTTTGTCTCAGA),  which  were  inserted  into  the  lentiviral 
plasmid  (pLKO.l-puro). 

Cell  growth  and  drug  resistance  assay.  Cells  were  grown  in  96-well 
plates  at  a  density  of  3,000  per  well.  Cell  number  was  measured  by  the 
incorporation  of  SYBR  green  I  nucleic  acid  gel  stain  (Molecular  Probes) 
using  a  fluorescence  microplate  reader  (Fluostar  from  BMG).  Data  were 
determined  from  four  replicates  and  were  expressed  as  the  fold  increase  to 
the  control  group.  For  drug  resistance  assay,  cells  were  seeded  in  384-well 
plates  at  a  density  of  600  per  well.  After  overnight  culture,  the  cells  were 
treated  with  a  series  of  concentrations  of  paclitaxel  or  carboplatin.  Four 
days  after  transfection  (i.e.,  3  d  after  drug  treatment),  8  pL  of  CellTiter-Blue 
(Promega)  were  added  and  the  plates  were  incubated  for  5  h.  The 
absorbance  was  determined  using  a  fluorescence  microplate  reader.  The 
signal  produced  by  conversion  of  resazurin  to  resorufin  is  directly 
proportional  to  viable  cell  number.  Data  were  determined  from  four 
replicates  and  were  expressed  as  the  fold  increase  of  the  control  group.  IC50 
was  defined  as  the  concentration  that  results  in  a  50%  decreased  in  the 
number  of  cells  as  compared  with  that  of  the  control  cultures  in  the 
absence  of  the  drug. 

GeneChip  analysis  for  transcript  expression.  RNA  was  prepared  using 
a  Qiagen  RNAeasy  kit  from  Rsf-1  inducible  SKOV3  cells  (15)  in  different 
experimental  conditions.  Affymetrix  U133  Plus  2  arrays  were  used  to 
analyze  gene  expression  from  Rsf-1 -induced  SKOV3  cells  (48  h  after 
induction),  mock-induced  SKOV3  cells  (48  h  after  mock  induction),  and 
vector-only  control  SKOV3  cells.  Probe  labeling,  hybridization,  and  scanning 
for  the  arrays  were  done  using  the  standard  protocols  at  the  Johns  Hopkins 
Microarray  Core.  The  dCHIP  program  was  used  to  analyze  the  array  data  to 
select  the  differentially  expressed  genes  that  were  overexpressed  in  the  Rsf- 
1 -induced  group  as  compared  with  the  mean  of  control  groups  including 
mock-induced  and  vector-only  control  SKOV3  cells.  The  top  up-regulated 
and  down-regulated  genes  with  corresponding  expression  values  that  were 
>2.5-fold  of  increase  or  decrease  as  compared  with  the  control  were  input 
into  the  Ingenuity  Pathways  Analysis  System.4  These  genes,  called  focus  FN1 
genes,  were  overlaid  onto  a  global  molecular  network  developed  from 
information  updated  in  the  Ingenuity  Pathways  Knowledge  Base.  Networks 
of  these  focus  genes  were  then  algorithmically  generated  based  on  their 
connectivity. 

Drue  resistance  clinical  assay.  The  assay  was  done  in  Oncotech,  Inc., 
using  published  protocol.5  Briefly,  a  small  piece  of  fresh  tumor  tissue  was  luNZ 
cultured  in  agar-based  cell  culture  system,  and  radioactive  thymidine 
incorporation  was  used  for  measuring  cell  growth  in  the  presence  of 
different  chemotherapeutic  drugs.  The  level  of  drug  resistance  was 
quantified  and  was  classified  into  three  groups:  ( a )  low  if  tumor  cells  were 
inhibited  by  the  tested  agent  and  showed  less  than  median  growth;  ( b ) 
intermediate  if  there  was  moderate  tumor  growth;  and  (c)  extreme  if  tumor 
cell  growth  was  virtually  unaffected  by  the  chemotherapeutic  agent.  As 
defined  in  previous  reports,  extreme  drug  resistance  was  interpreted  as  drug 
resistant  and  intermediate  and  low  drug  resistance  were  interpreted  as  drug 
sensitive  (1,  11). 

Results 

Selection  of  genes  within  the  llql3.5  amplicon  for 
functional  characterization.  Using  digital  karyotyping  to  detect 
genome-wide  DNA  copy  number  alterations  in  high-grade  ovarian 
serous  carcinomas,  we  identified  a  minimal  amplicon  in  the 
llql3.5  chromosomal  region  (6).  According  to  the  UCSC  Human 
Genome  Browser  Gateway  in  March  2006, 6  there  were  a  total  of  14  FN3 
genes  in  which  their  complete  coding  sequences  were  located 
within  this  minimal  amplicon.  To  identify  the  candidate  cancer¬ 
driving  genes  from  the  14  genes,  we  applied  an  approach  based  on 
the  rationale  that  a  tumor-driving  gene,  if  amplified,  is  almost 


4  http://www.ingenuity.com 

5  http://www.oncotech.com/pdfs/edr_4_pager.pdf 

6  http:/ /genome.ucsc.edu/cgi-bin/hgGateway 
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Figure  1.  Effect  of  knockdown  of  the  six 
genes  within  the  ch11q13.5  on  IC50  of 
paclitaxel  (A)  and  carboplatin  (S)  in 
OVCAR3  cells.  Two  shRNAs  (shRNAI  and 
shRNA2)  to  target  each  gene  were  used  to 
knock  down  PAK-1,  Gab2,  Rsf-1,  ALG8, 
CLNS1A,  and  INTS4  in  OVCAR3  cells  with 
ch11q13.5  amplification.  Vector  only  was 
used  as  the  negative  control.  Rsf-1  is  the 
only  gene  in  which  shRNAs  significantly 
reduce  IC50  of  paclitaxel. 


always  overexpressed  whereas  the  coamplified  “passenger”  genes 
that  are  not  involved  in  tumor  development  may  or  may  not  be  so 
(17).  Based  on  the  Mann- Whitney  (rank  sum)  test,  we  selected  six 
genes  showing  the  highest  correlation  between  DNA  and  transcript 
copy  number  ( P  <  0.001).  They  included  Rsf-1  ( HBXAP-,  P  <  0.0001), 
INTS4  ( P  =  0.0001),  CLNS1A  (P  =  0.0001),  ALG8  (P  =  0.0001),  GAB2 
(P  =  0.0001),  and  PAK1  (P  =  0.0002).  The  P  values  for  NDUFC2, 
Clloif67,  and  USP35  were  0.0015,  0.012,  and  0.022,  respectively. 
There  was  no  statistical  significance  for  the  remaining  genes 
including  GFPD4,  AQP11,  KCTD14,  THRSP,  and  NARS2.  Therefore, 
we  selected  Rsf-1  ( HBXAP ),  INTS4,  CLNS1A  ALG8,  GAB2,  and  PAK1 
for  functional  characterization. 


Biological  effects  of  gene  knockdown  of  the  six  candidate 
genes.  To  determine  the  biological  roles  of  those  six  genes  in 
sustaining  cell  growth  and  in  conferring  drug  resistance,  we 
transfected  OVCAR3  ovarian  cancer  cells,  known  to  harbor  a  high 
level  of  llql3.5  amplification,  with  shRNAs  to  knockdown  each  of 
the  six  genes.  Two  independent  shRNAs  with  satisfied  knockdown 
efficiency  were  used  for  each  gene.  Cell  number  of  OVCAR3  cells 
was  determined  1  day  and  4  days  after  shRNA  transfection. 
Supplementary  Fig.  SI  showed  that  cell  number  was  most 
remarkably  reduced  in  the  cells  transfected  with  Rsf-1  shRNAs 
as  compared  with  PAK1,  Gab2,  ALG8,  INTS4,  and  CLNS1A 
shRNAs.  To  determine  if  these  six  genes  are  potentially  involved 


www.aacrjournals.org 


OF3 


Cancer  Res  2009;  69:  (4).  February  15,  2009 


Cancer  Research 


08-3602 


Appendix  #17 


Figure  2.  Enhanced  expression  of  Rsf-1  protein  in 
paclitaxel-resistant  ovarian  cancer  cells.  Western  blot 
analysis  shows  that  Rsf-1  protein  levels  are  significantly 
higher  in  the  paclitaxel-resistant  ovarian  cancer  cell  lines 
as  compared  with  the  parental  and  carboplatin-resistant 
cells.  Glyceraldehyde-3-phosphate  dehydrogenase 
(GAPDH)  was  used  as  a  loading  control. 


in  drug  resistance,  we  measured  the  IC50  of  paclitaxel  and 
carboplatin  in  OVCAR3  cells  after  shRNA  transfection.  Of  note, 
the  cell  numbers  in  drug  sensitivity  assays  were  normalized  to 
those  in  shRNA-treated  SKOV3  cells  without  gene  knockdown. 
For  paclitaxel,  we  found  that  a  significant  decrease  in  the  IC50 
occurred  only  in  Rsf-1  gene  knockdown  but  not  in  other  genes 
FI  (Fig.  L4).  For  carboplatin,  none  of  the  shRNAs  that  target  these 
six  genes  affected  the  IC50  (Fig.  IB).  Therefore,  we  selected  Rsf-1 
to  further  study  its  role  in  enhancing  paclitaxel  resistance  in 
ovarian  cancer  cells. 

Correlation  of  Rsf-1  protein  expression  and  drug  resistance 
in  vitro  and  in  vivo.  To  determine  whether  Rsf-1  gene  up- 
regulation  was  correlated  with  paclitaxel  resistance,  we  performed 
Western  blot  on  the  ovarian  cancer  cell  lines  including  MPSC1, 
A2780,  and  SKOV3,  and  performed  immunohistochemistry  on 
clinical  tumor  specimens.  First,  we  established  three  paclitaxel- 
resistant  ovarian  cancer  cell  lines,  SKOV3TR,  A2780TR,  and 
MPSC1tr,  and  three  carboplatin-resistant  ovarian  cancer  cell  lines, 
SKOV3cr,  A2780cr,  and  MPSC1cr,  by  treating  the  parental  cells 
with  increasing  concentrations  of  paclitaxel  and  carboplatin.  We 
then  compared  Rsf-1  expression  between  drug-resistant  and 
F2  parental  cells.  As  shown  in  Fig.  2,  Rsf-1  protein  levels  were 
significantly  higher  in  paclitaxel-resistant  cells  than  their  parental 
controls  in  all  three  cell  lines.  Like  in  OVCAR3  cells,  the  cell 
number  was  decreased  in  SKOV3TR  cells  after  treatment  with  Rsf-1 
shRNAs  (P  <  0.01;  Supplementary  Fig.  S2).  Next,  we  determined 
whether  Rsf-1  expression  correlated  with  paclitaxel  resistance  in 
ovarian  cancer  cells  isolated  from  the  primary  tumors  in  patients 
with  stage  III  or  IV  ovarian  cancer.  Based  on  immunohistochem¬ 
istry,  we  were  able  to  show  that  Rsf-1  immunointensity  was 
significantly  associated  with  increased  paclitaxel  resistance  (Table 
T 1  1).  In  contrast,  there  was  no  statistically  significant  correlation 

between  Rsf-1  expression  level  and  resistance  to  carboplatin.  Rsf-1 
immunoreactivity  in  representative  specimens  was  shown  in 
Supplementary  Fig.  S3. 


Rsf-1  expression  enhances  paclitaxel  resistance  in  ovarian 
cancer  cells.  To  show  the  causal  role  of  Rsf-1  in  developing  drug 
resistance,  we  used  Tet-off  Rsf-1  inducible  SKOV3  ovarian  cancer 
cells,  which  expressed  a  very  low  level  of  Rsf-1  in  the  parental  and 
noninduced  cells  (15).  Western  blot  analysis  showed  that  Rsf-1 
protein  was  detected  6  and  12  hours  after  induction  in  two 
independent  clones  (Fig.  3A).  Rsf-1  expression  did  not  have  a  F3 
significant  effect  on  cellular  proliferation  (Supplementary  Fig.  S4); 
however,  both  clone  1  and  clone  2  after  Rsf-1  induction  became 
more  resistant  to  paclitaxel  than  the  control  clones  without  Rsf-1 
induction  (Fig.  3B).  The  IC50  of  paclitaxel  in  noninduced 
(doxycycline  on)  clone  1  and  clone  2  cells  were  0.15  and  0.11 
pmol/L,  respectively,  whereas  the  IC50  of  paclitaxel  in  clone  1  and 
clone  2  after  Rsf-1  induction  (doxycycline  off)  were  2.8  and 
7. 2|.i  mol/1,,  respectively.  In  contrast,  the  control  cells  had  a  similar 
IC50  in  both  doxycycline-on  and  doxycycline-off  conditions.  Rsf-1 
induction  did  not  confer  carboplatin  resistance  as  reflected  by 
similar  IC50  curves  between  Rsf-l-induced  and  noninduced  cells 
(Fig.  3C). 

The  role  of  hSNF2H  in  Rsf-1 -dependent  paclitaxel  resistance. 

It  has  been  known  that  Rsf-1  interacts  with  hSNF2H  to  form  an  ISWI 
chromatin  remodeling  complex  in  which  Rsf-1  serves  as  a  histone 
chaperone  and  hSNF2H  as  an  ATPase  (18-21).  Here,  we  determined 
if  hSNF2H  was  required  for  Rsf-1  to  confer  paclitaxel  resistance.  As 
shown  in  Fig.  44,  gene  knockdown  of  hSNF2H  reduced  its  F4 
expression  at  both  mRNA  and  protein  levels  in  SKOV3  cells. 
Reducing  hSNF2H  expression  had  only  a  minimal  effect  on  cell 
proliferation  in  the  control  SKOV3  cell  line  (Supplementary  Fig.  S5). 
Next,  we  measured  the  IC50  of  paclitaxel  in  Rsf-1  inducible  SKOV3 
cells  after  transfection  with  hSNF2H  or  control  siRNA  in  both  Rsf-l- 
induced  and  noninduced  conditions.  We  found  that  hSNF2H  siRNA 
significantly  decreased  the  IC50  of  paclitaxel  in  Rsf-1 -expressing 
SKOV3  cells.  In  contrast,  hSNF2H  siRNA  had  only  a  modest  effect  on 
the  IC50  in  cells  without  Rsf-1  induction  (Fig.  4B).  Next,  we  further 
tested  if  hSNF2H  knockdown  or  expression  of  an  Rsf-1  dominant 


Table  1.  Correlation  between  in  vitro  drug  resistance  and  Rsf-1  expression 

Staining  score  <2 

Staining  score  >2 

X2  test 

Carboplatin  sensitive 

31 

15 

P  =  0.8305 

Carboplatin  resistant 

32 

18 

Paclitaxel  sensitive 

43 

7 

P  <  0.0001" 

Paclitaxel  resistant 

20 

26 
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Figure  3.  Rsf-1  induction  in  SKOV3  cells 
increases  paclitaxel  resistance.  A,  Western 
blot  analyses  show  that  Rsf-1  protein 
expression  is  detectable  as  early  as  6 
h  after  removal  of  doxycycline  in  two 
randomly  selected  clones  (clone  1  and 
clone  2).  B  and  C,  drug  resistance  assay 
shows  that  Rsf-1  expression  confers 
resistance  to  paclitaxel  (B)  but  not  to 
carboplatin  (C)  in  both  Rsf-1  inducible 
SKOV3  clones. 
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negative  protein,  Rsf-D4  (15),  could  sensitize  OVCAR3  cells  with 
abundant  endogenous  Rsf-1  expression  to  paclitaxel.  We  found  that 
either  hSNF2H  siRNA  or  Rsf-D4  reduced  the  cell  proliferation  to  81% 
and  70%  of  the  controls,  respectively.  Interestingly,  both  approaches 
also  enhanced  the  paclitaxel  sensitivity  in  OVCAR3  cells  (Fig.  4C). 
The  above  results  indicated  an  important  role  of  hSNF2H  in  Rsf-1- 
mediated  paclitaxel  resistance. 

Genes  regulated  by  Rsf-1  expression.  To  further  identify  the 
Rsf-l-regulated  genes  and  pathways  that  were  potentially  involved 
in  drug  resistance,  we  performed  global  transcript  profiling  to 
compare  gene  expression  in  Rsf-l-induced  and  control  SKOV3 
cells  (mock  induced  and  vector  only  controls)  using  the  Affymetrix 
U133-Plus  2  microarrays.  As  compared  with  the  Rsf-1  turn-off 
(mock  induced)  group  and  the  vector-only  control,  Rsf-l-induced 
cells  showed  up-regulation  and  down-regulation  in  62  genes  with 
at  least  2.5-fold  increase  or  decrease  as  compared  with  the  controls 
(Supplementary  Table  SI).  To  identify  the  hidden  connections 
among  the  regulated  genes,  we  performed  a  network  analysis  of 
the  top  25  up-regulated  and  37  down-regulated  genes  using  the 
Ingenuity  Pathways  Analysis  Systems.  Applying  this  Ingenuity 
Network  filter,  four  functional  networks  could  be  constituted  with 
significant  Ingenuity  scores.  The  network  with  the  highest  score 
was  related  to  the  Tissue  Morphology,  Cellular  Assembly  and 
F5  Organization  System  (Fig.  5 A).  Several  molecular  hubs  including 
nuclear  factor  kR  (NFkB),  extracellular  signal-regulated  kinase 
(ERK),  Akt,  and  EGR1  to  which  many  pathways  converge  were 
identified  in  the  network.  Among  the  candidate  genes,  three 
representative  genes  including  osteopontin,  cysteine-rich  protein 
61  (CYR61),  and  connective  tissue  growth  factor  ( CTGF )  were 
selected  for  validation  by  quantitative  real-time  PCR  because  these 


three  genes  have  been  implied  in  the  pathogenesis  of  in  human 
cancer  (22-24).  As  shown  in  Fig.  5 B  and  C,  all  three  genes  showed 
statistically  significant  up-regulation  in  SKOV3  cells  after  Rsf-1 
induction  and  showed  down-regulation  in  OVCAR3  cells  after  Rsf-1 
shRNA  transfection,  indicating  that  Rsf-1  proteins  were  required 
and  sufficient  to  up-regulate  the  expression  of  CYR61,  CTGF,  and 
osteopontin. 

Discussion 

Chromosome  llql3.5  amplification  has  been  detected  in  several 
types  of  human  cancer,  and  the  presence  of  the  amplicon  is 
associated  with  a  worse  clinical  outcome.  For  example,  our 
previous  reports  (6,  11)  showed  that  llql3.5  amplification  in 
ovarian  serous  carcinomas  was  significantly  associated  with 
shorter  overall  survival.  However,  the  mechanisms  accounting  for 
the  dismal  clinical  outcome  are  not  clear.  In  the  current  study,  we 
performed  a  functional  genomic  screening  on  genes  located  in  the 
llql3.5  amplicon  for  their  roles  in  developing  drug  resistance  to 
paclitaxel  and  carboplatin,  which  are  routinely  used  in  treating 
patients  at  advanced  stages  of  ovarian  cancer.  Our  result  showed 
that  Rsf-1  ( HBXAP )  played  an  important  role  in  conferring 
paclitaxel  resistance  in  ovarian  cancer  cells. 

Rsf-l/HBXAP  encodes  a  nuclear  protein  containing  several 
distinct  structure  motifs  including  a  PHD  domain  (25).  This 
protein  was  first  identified  as  a  novel  cellular  protein  that  bound  to 
the  pX  nuclear  protein  of  hepatitis  B  virus  (26).  HBXAP  expression 
increases  HBV  transcription  in  a  pX-dependent  manner,  suggesting 
its  role  in  regulating  the  virus  life  cycle.  Further  studies  showed 
that  the  interaction  between  HBXAP  and  pX  proteins  regulated 
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NF-kB  activation  (26).  Soon  after  HBXAP  was  identified,  an 
independent  research  group  reported  the  full-length  HBXAP 
(Rsf-1)  protein  as  a  subunit  in  a  chromatin  assembly  factor,  called 
ISWI-containing  remodeling  and  spacing /actor  (RSF;  ref.  18).  The 
human  RSF  complex  is  composed  of  two  subunits:  the  nucleosome- 
dependent  ATPase,  hSNF2H,  and  the  histone  chaperon,  Rsf-1 
(18,  20,  27).  The  Rsf-l/hSNF2H  (or  RSF)  complex  mediates 
nucleosome  deposition  and  assembly  and  participates  in  chroma¬ 
tin  remodeling  by  mobilizing  nucleosomes  in  response  to  a  variety 
of  growth-modifying  signals  and  environmental  cues  (18-21).  Such 
nucleosome  remodeling  is  essential  for  transcriptional  regulation 
(25,  26,  28),  DNA  replication  (29),  and  cell  cycle  progression  (30). 
We  have  previously  shown  that  Rsf-1  and  hSNF2H  were  co- 
upregulated  in  ovarian  cancer  tissues  and  that  expression  of  Rsf-1 
may  likely  prevent  hSNF2H  from  protein  degradation  (15).  Ectopic 
expression  of  Rsf-1  in  SKOV3  ovarian  cancer  cells  with  a  very  low 
level  of  endogenous  Rsf-1  expression  increased  hSNF2H  protein 
levels  and  promoted  SKOV3  tumor  growth  in  a  mouse  tumor 
xenograft  model  (15). 

Our  findings  from  this  study  could  have  several  biological  and 
clinical  implications.  First,  the  current  results  provide  a  possible 
explanation  for  how  llql3.5  amplification  in  ovarian  serous 
carcinomas  contributes  to  shorter  overall  survival  as  compared 


with  those  without  llql3.5  amplification  (6,  11).  It  is  likely  that 
tumors  with  increased  DNA  copy  number  of  Rsf-1  overexpress 
Rsf-1  protein,  which  renders  the  de  novo  paclitaxel  resistance.  The 
Rsf-l-expressing  residual  tumors  after  tumor  cytoreduction 
surgery  may  survive  better  during  chemotherapy  and  tend  to 
recur  earlier,  and  thus  they  are  likely  related  to  poor  clinical 
outcome  in  ovarian  cancer  patients.  Second,  hSNF2H  knockdown 
or  expression  of  an  Rsf-1  dominant  negative  protein  containing 
the  hSNF2H  binding  motif  sensitized  cancer  cells  with  Rsf-1 
overexpression  to  paclitaxel.  These  observations  suggest  that 
paclitaxel  resistance  in  Rsf-1  up-regulated  cells  is  mediated  by  the 
chromatin  remodeling  activity  from  the  Rsf-l/hSNF2H  complex. 
This  finding  may  have  translational  implications  for  new  cancer 
therapy  because  enhancing  the  sensitivity  of  chemotherapy  can 
be  achieved  by  inactivating  the  Rsf-l/hSNF2H  or  by  interrupting 
the  complex  formation  in  cancer  cells.  Third,  our  previous  result 
showed  that  hSNF2H  was  required  for  cell  proliferation  and 
survival  in  Rsf-l-expressing  OVCAR3  cells  but  not  in  SKOV3  cells 
with  or  without  Rsf-1  induction.  This  finding  is  probably  because 
OVCAR3  cells  with  Rsf-1  gene  amplification  and  constitutive  up- 
regulation  have  become  molecularly  “addicted”  to  Rsf-l/hSNF2H 
expression,  whereas  SKOV3  cells  that  have  a  very  low  level  of 
endogenous  Rsf-1  expression  (15)  are  less  sensitive  to  hSNF2H 
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Concentration  (pmol/L) 


Figure  4.  The  role  of  hSNF2H  in 
paclitaxel  sensitivity.  A,  quantitative  reverse 
transcription-PCR  shows  mRNA  expression 
levels  of  hSNF2H  are  greatly  reduced  by 
hSNF2H  siRNA  in  OVCAR3  cells  with  high 
level  expression  of  endogenous  hSNF2H 
(left).  Similarly,  Western  blot  analysis 
shows  reduction  of  hSNF2H  expression 
by  hSNF2H  siRNA  24  h  after  siRNA 
transfection  in  the  Rsf-1  inducible  SKOV3 
cells  (right).  siRNA  against  luciferase  was 
used  as  the  control.  B,  Rsf-1  inducible  cells 
transfected  with  control  or  hSNF2H  siRNAs 
were  treated  with  various  concentrations 
of  paclitaxel  under  Rsf-1  turned-on  or 
turned-off  condition.  Relative  cell  number  in 
different  treatment  group  was  determined 
and  presented  as  percentage  of  the  control 
group  at  day  3  (left).  IC5o  of  paclitaxel  in 
Rsf-1  inducible  SKOV3  cells  transfected 
with  control  or  hSNF2H  siRNAs  were 
determined  under  Rsf-1  turned-on  or 
turned-off  condition  (right).  hSNF2H  siRNAs 
significantly  decreases  the  IC50  of  paclitaxel 
in  Rsf-l-expressing  SKOV3  cells.  C,  effect 
of  hSNF2H  siRNA  and  Rsf-D4  expression 
on  sensitivity  of  OVCAR3  cells  to  paclitaxel. 
In  contrast  to  SKOV3  cells,  OVCAR3  cells 
constitutively  express  Rsf-1  due  to  a  high 
level  of  1 1  ql 3.5  amplification.  Both  hSNF2H 
siRNA  (left)  and  Rsf-D4  (right)  significantly 
sensitize  OVCAR3  cells  to  paclitaxel 
treatment.  The  cell  number  at  each 
concentration  points  was  normalized  to 
hSNF2H  siRNA-  and  Rsf-D4-treated  cells 
without  paclitaxel  treatment. 
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Figure  5.  Candidate  genes  regulated  by  Rsf-1  and  their  interaction  network.  SKOV3-Rsf-1-TRE  (Rsf-1  inducible)  cells  and  SKOV3-TRE  (vector  control)  cells  were 
incubated  in  culture  medium  with  or  without  doxycycline  and  cells  were  harvested  for  mRNA  extraction  and  Affymetrix  array  hybridization.  A,  the  Ingenuity  pathways 
analysis  of  Rsf-1 -regulated  genes  listed  in  Supplementary  Table  SI.  A  total  of  25  up-regulated  and  37  down-regulated  genes  with  fold  increase  or  decrease  by 
at  least  2.5-fold  were  input  to  the  Ingenuity  Pathways  Analysis  System.  This  system  facilitates  the  identification  of  functional  connections  among  Rsf-1-regulated 
genes  with  known  relevance  to  the  Tissue  Morphology,  Cellular  Assembly  and  Organization  System.  Only  the  top  network  with  a  score  of  34  is  shown.  Red  shapes, 
up-regulated  genes;  green  shapes,  down-regulated  genes;  white  shapes,  molecules  added  from  the  Ingenuity  knowledge  base.  B,  quantitative  real-time  PCR 
shows  the  pattern  of  gene  expression  in  three  selected  genes  including  osteopontin  (OPN),  CYR61 ,  and  CTGF  in  Rsf-1  inducible  ( ind )  and  tTA-vector  only  ( vec ) 
SKOV3  cells  in  the  presence  ( +Dox )  or  absence  (-Dox)  of  doxycyline.  C,  the  expression  of  OPN,  CYR61 ,  and  CTGF  and  Rsf-1  decrease  after  transfection  of 
Rsf-1  shRNAs  into  the  OVCAR3  cells  with  a  high-level  expression  of  endogenous  Rsf-1.  *,  P  =  0.018;  **,  P  =  0.002;  ***,  P  <  0.001. 


knockdown  even  after  an  acute  induction  of  Rsf-1.  However, 
reducing  hSNF2H  expression  sensitized  both  OVCAR3  cells  and 
Rsf-1 -expressing  SKOV3  cells  to  paclitaxel,  suggesting  that 
different  mechanisms  are  involved  in  promoting  cell  growth 
and  drug  resistance.  Fourth,  Rsf-1  expression  in  tumor  specimens 
can  be  used  as  a  surrogate  marker  alone  or  in  combination  with 
other  markers  to  predict  treatment  response  to  paclitaxel.  To  this 
end,  future  multi-institutional  cohort  studies  are  required  to 
validate  the  usefulness  of  Rsf-1  immunoreactivity  as  a  potential 
diagnostic  test  for  ovarian  cancer  or  other  cancer  types  with  Rsf-1 
amplification  and  overexpression. 

There  are  at  least  two  possible  mechanisms  that  could  explain 
how  Rsf-1  overexpression  contributes  to  tumor  cell  survival  and 
growth  in  the  presence  of  paclitaxel.  First,  an  increased  number  of 
RSF  complexes  may  concentrate  on  specific  promoter  and/or 
enhancer  regions  to  modulate  transcription  activity  of  a  set  of 
genes  which  participate  in  drug  resistance.  In  fact,  based  on 
comparison  of  gene  profiles  between  Rsf-l-induced  and  non- 
induced  SKOV3  ovarian  cancer  cells,  we  found  that  Rsf-1 
expression  was  associated  with  changes  in  the  expression  of 


several  genes.  Among  them,  up-regulation  of  CYR61  and  osteo¬ 
pontin  is  of  interest  because  both  gene  products  were  previously 
reported  to  be  involved  in  developing  drug  resistance  (22,  23). 
Furthermore,  using  interaction  network  analysis,  it  seems  that 
several  major  molecular  hubs  were  identified  in  this  network  and 
they  included  NF-kB,  ERK,  Akt,  and  EGR1.  Among  them,  NF-kB, 
ERK,  and  Akt  have  been  suggested  to  participate  in  developing 
chemoresistance  in  cancer  cells  (30-37).  For  example,  the  Akt 
pathway  has  been  shown  to  play  a  causal  role  in  the  development 
of  docetaxel  and  paclitaxel  resistance  in  cancer  cell  lines  including 
those  derived  from  ovarian  cancer  (31-33).  It  is  of  great  interest 
that  Rsf-1  has  been  shown  to  interact  with  NF-kB  (34).  Further 
studies  are  required  to  show  the  detailed  mechanisms  of  how  the 
Rsf-l/hSNF2H  complex  contributes  to  tumor  development  through 
their  downstream  mediators.  Second,  Rsf-1  overexpression  may 
alter  the  dynamics  of  partnership  between  hSNF2H  and  hSNF2H 
binding  proteins.  Besides  Rsf-1,  hSNF2H  is  known  to  interact  with 
several  cellular  proteins  to  form  different  hSNF2H-containing 
protein  complexes  that  have  diverse  cellular  functions.  In  our 
previous  study,  we  showed  that  excessive  Rsf-1  molecules 
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sequestered  hSNF2H,  leading  to  a  loss  or  a  decrease  in  the 
abundance  of  other  hSNF2H-binding  complexes  such  as  hSNF2H/ 
BAZ1A  and  hSNF2H/BAZlB  (15).  Because  several  members  in  the 
SNF  family  have  been  suggested  as  tumor  suppressors  and  are 
found  to  be  down-regulated  or  inactivated  in  cancer  tissues  (35, 
36),  it  is  plausible  that  reduction  of  these  hSNF2H  complexes  with 
tumor  suppressor  potential  by  excessive  Rsf-1  contributes  to  the 
observed  drug-resistant  phenotype  in  cancer  cells.  However,  in  this 
study,  we  found  that  expressing  the  Rsf-D4  deletion  mutant,  which 
has  the  hSNF2H  binding  activity,  enhanced  the  growth  inhibitory 
effect  of  paclitaxel  in  tumor  cells.  This  observation  suggests  that 
sequestering  hSNF2H  from  other  protein  complexes  by  the  Rsf-D4 
mutant  alone  is  not  able  to  confer  paclitaxel  resistance  as  seen  in 
the  full-length  Rsf-1.  Therefore,  the  paclitaxel-resistant  phenotype 
mediated  by  the  full-length  Rsf-1  is  more  likely  due  to  an  increase 
in  RSF  complex  formation  rather  than  a  decrease  in  other  hSNF2H- 
containing  complexes. 

Although  the  above  represents  our  preferred  views,  alternative 
interpretations  should  be  indicated.  First,  the  shRNA  screening 
approach  used  in  this  study  suggests  that  Rsf-1  is  the  main  gene 
within  the  llql3.5  amplicon  responsible  for  paclitaxel  resistance. 
However,  other  gene(s)  within  the  llql3.5  amplicon  might  also  be 
involved  in  the  aggressive  behavior  of  llql3.5-amplified  carcino¬ 
mas.  For  example,  PAK1,  a  member  of  serine/threonine  kinase 
family,  plays  a  critical  role  in  controlling  anchorage-independent 
growth  and  invasiveness  in  breast  cancer  cells  (37)  and  in 
promoting  mammalian  tumorigenesis  (38)  and  angiogenesis  (39). 
Thus,  PAK1  expression  may  lead  to  a  more  aggressive  clinical 
course  in  ovarian  cancer.  It  is  thus  plausible  that  Rsf-1 
collaborates  with  PAK1  and  other  genes  to  propel  tumor 
progression.  Second,  similar  to  other  dominant  negative 
approaches  that  are  applied  to  modulate  activity  of  endogenous 


proteins,  the  Rsf-D4  approach  reported  in  this  study  may  not  be 
specific  to  interrupt  the  interaction  between  Rsf-1  and  hSNF2H.  It 
is  possible  that  the  Rsf-D4  mutant  may  complex  with  other 
protein(s)  besides  hSNF2H  and  that  overexpression  of  Rsf-D4  can 
potentially  interfere  with  the  binding  of  these  protein(s)  to  the 
endogenous  full-length  Rsf-1.  Finally,  Although  the  correlation  is 
statistically  significant,  seven  tissues  with  high  Rsf-1  did  not  show 
significant  drug  resistance.  This  finding  suggests  that  other  factors 
may  also  play  a  role  in  conferring  a  Taxol  resistance  phenotype 
that  is  independent  of  Rsf-1. 

In  summary,  we  showed  in  this  report  that  development  of 
paclitaxel  resistance  in  ovarian  cancer  cells  was  attributed,  at  least 
in  part,  to  Rsf-1,  which  is  frequently  amplified  in  several  types  of 
human  cancer.  We  further  showed  that  the  formation  of  Rsf-1  and 
hSNF2H  chromatin  remodeling  complexes  was  essential  for 
developing  this  resistance  phenotype.  Our  results  suggest  that 
Rsf-1  can  be  used  as  a  biomarker  for  paclitaxel  resistance  and  can 
be  exploited  as  a  potential  target  for  chemosensitization  in 
carcinomas  with  Rsf-1  amplification  or  overexpression. 
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Ovarian  clear  cell  carcinoma  (CCC)  is  one  of  the  most 
malignant  types  of  ovarian  carcinomas,  particularly 
at  advanced  stages.  Unlike  the  more  common  type  of 
ovarian  cancer,  high-grade  serous  carcinoma,  ovar¬ 
ian  CCC  is  often  resistant  to  platinum-based  chemo¬ 
therapy,  and  therefore  an  effective  treatment  for  this 
tumor  type  at  advanced  stages  is  urgently  needed.  In 
this  study,  we  analyzed  97  ovarian  CCCs  for  sequence 
mutations  in  KRAS ,  BRAF ,  PIK3CA  ,  TP53 ,  PTEN ,  and 
CTNNB1  as  these  mutations  frequently  occur  in  other 
major  types  of  ovarian  carcinomas.  The  samples  in¬ 
cluded  18  CCCs  for  which  affinity-purified  tumor  cells 
from  fresh  specimens  were  available,  69  microdis- 
sected  tumors  from  paraffin  tissues ,  and  10  tumor  cell 
lines.  Sequence  mutations  of  PIK3CA ,  TP53 ,  KRAS , 
PTEN,  CTNNB1 ,  and  BRAF  occurred  in  33%,  15%,  7%, 
5%,  3%,  and  1%  of  CCC  cases,  respectively.  Sequence 
analysis  of  PIK3CA  in  28  affinity-purified  CCCs  and 
CCC  cell  lines  showed  a  mutation  frequency  of  46%. 
Samples  with  PIK3CA  mutations  showed  intense 
phosphorylated  AKT  immunoreactivity.  These  find¬ 
ings  demonstrate  that  ovarian  CCCs  have  a  high  fre¬ 
quency  of  activating  PIK3CA  mutations.  We  therefore 
suggest  that  the  use  of  PIK3CA-targeting  drugs  may 
offer  a  more  effective  therapeutic  approach  com¬ 
pared  with  current  chemotherapeutic  agents  for  pa¬ 


tients  with  advanced-stage  and  recurrent  CCC.  (Am  J 
Pathol  2009,  174:000-000;  DOI:  10.2353/ajpath.2009.081000) 


Ovarian  carcinomas  are  a  heterogeneous  group  of  neo¬ 
plasms  that  can  be  classified  according  to  the  type  and 
degree  of  differentiation.  Despite  the  fact  that  clinical 
management  of  ovarian  cancer  at  the  present  time 
largely  fails  to  take  this  heterogeneity  into  account,  it  has 
becoming  clear  that  each  major  histological  type  has 
unique  molecular  genetic  defects  that  deregulate  spe¬ 
cific  signaling  pathways  in  the  cancer  cells.1  Ovarian 
clear  cell  carcinoma  (CCC)  is  one  of  the  most  lethal  types 
of  ovarian  cancer,  with  a  5-year  survival  rate  (all  stages) 
of  less  than  35%. 2  Unlike  the  more  common  type  of 
ovarian  carcinoma,  high-grade  serous  carcinoma,  CCC 
is  often  resistant  to  platinum-based  chemotherapy.3-8 
Several  studies  have  attempted  to  elucidate  the  molecu¬ 
lar  pathogenesis  of  ovarian  CCC  with  the  goal  of  identi¬ 
fying  molecular  targets  that  are  altered  in  this  tumor 
type,1  but  these  reports  have  been  of  limited  value  be¬ 
cause  of  insufficient  sample  size. 

In  this  study,  we  analyzed  97  ovarian  CCCs  for  se¬ 
quence  alterations  in  genes  that  participate  in  several 
major  cancer-associated  pathways  including  TP53, 
KRAS,  BRAF,  PIK3CA,  PTEN,  and  CTNNB1 .  We  dem¬ 
onstrated  frequent  PIK3CA  mutations  in  CCCs,  espe¬ 
cially  those  from  purified  tumors  and  cell  lines.  Our 
findings  suggest  that  PIK3CA-targeting  drugs  may  be 
a  more  effective  therapy  than  current  chemotherapeu- 
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Table  1.  PCR  and  Sequencing  Primers 


Gene  Exon 


KRAS 

KRAS 

BRAF 

TP53 

TP53 

TP53 

TP53 

TP53 

PIK3CA 

PIK3CA 

PIK3CA 

PIK3CA 

PTEN 

PTEN 

PTEN 

PTEN 

PTEN 

PTEN 

PTEN 

PTEN 

PTEN 

CTNNB1 


1  5' 

2  5' 

15  5' 

3  5' 

4  5' 

5  5' 

6  5' 

7  5' 

1  5' 

1  5' 

9  5' 

20  5' 

1  5' 

2  5' 

3  5' 

4  5' 

5  5' 

6  5' 

7  5' 

8  5' 

9  5' 

2  5' 


Primer  1  sequence 


-GTAAAACGACGGCCAGTTTGAAACCCAAGGTACATTTCAG-3' 

-GTAAAACGACGGCCAGTATGCATGGCATTAGCAAAGAC-3' 

-GTAAAACGACGGCCAGTTTTGTGAATACTGGGAACTATGAAA-3' 

-GTAAAACGACGGCCAGTGAGGAATCCCAAAGTTCCAAAC-3' 

-GTAAAACGACGGCCAGTGGGCCAGACCTAAGAGCAATC-3' 

-AGGCCCTTAGCCTCTGTAAGC-3' 

-GTAAAACGACGGCCAGTAGAAATCGGTAAGAGGTGGGC-3' 

-GTAAAACGACGGCCAGTTTGGGCAGTGCTAGGAAAGAG-3' 

-TGCTTTGGGACAACCATACATC-3' 

-CCCCTCCATCAACTTCTTCAA-3' 

-TCAGCAGTTACTATTCTGTGACTGG-3' 

-  G  TAAAAC  G  AC  GG  C  C  AGTGACAT  T  T  GAG  CAAAGAC  C  T  G  AAG  -  3 ' 
-TTTCCATCCTGCAGAAGAAGC-3' 

-GTAAAACGACGGCCAGTTCTGTGATGTATAAACCGTGAGTTTC-3' 

- G TAAAAC G AC GG C C AGTCAT GAT TAC T AC T C TAAAC C CATAG AAGG - 3 ' 
-ATAAAGATTCAGGCAATGTTTGTTAG-3' 
-TGCAACATTTCTAAAGTTACCTACTTG-3' 
-AATGGCTACGACCCAGTTACC-3' 

-GTAAAACGACGGCCAGTTGCAGATACAGAATCCATATTTCG-3' 

-TGCAACAGATAACTCAGATTGCC-3' 

-GTAAAACGACGGCCAGTAAAGATCATGTTTGTTACAGTGCTTAAA-3' 

- AAATAT  T  T  C AAT  GG  G  T  CAT AT  CACAG - 3 ' 


Primer  2  sequence 


5 '  -TCTTAAGCGTCGATGGAGGAG-3 ' 
5'-CGTCATCTTTGGAGCAGGAAC-3' 

5 '  -TCATCCTAACACATTTCAAGCC- 3 ' 

5 '  -ACGTTCTGGTAAGGACAAGGG-3 ' 

5 '  -AAGCTCCTGAGGTGTAGACGC- 3 ' 

5 '  -GTAAAACGACGGCCAGTCTGCTCAGATAGCGATGGTG- 3 ' 

5 '  -CATCCTGGCTAACGGTGAAAC-3 ' 

5 '  -GTTGGGAGTAGATGGAGCCTG-3 ' 

5 ' -CTTGCTTCTTTAAATAGTTCATGCTTT-3 ' 

5 ' -ATTGTATCATACCAATTTCTCGATTG- 3 ' 

5 '  -GTAAAACGACGGCCAGTTGCTGAGATCAGCCAAATTCA-3 ' 

5 '  -TGGATTGTGCAATTCCTATGC- 3 ' 

5 '  -GTAAAACGACGGCCAGTTCCGTCTAGCCAAACACACC-3 ' 
5-'CCCTGAAGTCCATTAGGTACGG-3' 

5 '  -TCAAATATGGGCTAGATGCCA- 3 ' 

5 '  -GTAAAACGACGGCCAGTGACCAACTGCCTCAAATAGTAGG-3 ' 

5 '  -GTAAAACGACGGCCAGTTTTACTTGTCAATTACACCTCAATAAA- 3 ' 
5 '  -GTAAAACGACGGCCAGTTTTGGCTTCTTTAGCCCAATG-3 ' 

5 '  -AATGTCTCACCAATGCCAGAG-3 ' 

5 '  -GTAAAACGACGGCCAGTTGTCAAGCAAGTTCTTCATCAGC- 3 ' 

5 '  -TGACACAATGTCCTATTGCCA-3 ' 

5 '  -GTAAAACGACGGCCAGTTCCACAGTTCAGCATTTACCTAAG- 3 ' 


tic  agents  for  patients  with  advanced  stage  and  recur¬ 
rent  disease. 


Materials  and  Methods 

Tissue  Specimens 

The  tumors  included  10  cases  from  the  Johns  Hopkins 
Hospital,  52  cases  from  National  Taiwan  University  Hos¬ 
pital,  and  25  cases  from  the  Seirei  Mikatahara  Hospital, 
Japan.  H&E-stained  sections  from  tissue  specimens 
were  reviewed  and  the  diagnosis  of  ovarian  CCCs  con¬ 
firmed  by  an  expert  gynecologic  pathologist  (RJK).  All  of 
the  specimens  were  anonymous  and  tissues  collected  in 
compliance  with  institutional  review  board  regulations.  In 
addition,  we  also  analyzed  10  established  ovarian  CCC 
cell  lines.  As  the  sensitivity  of  mutation  detection  in  pri¬ 
mary  tumors  is  dramatically  affected  by  the  purity  of  the 
tumor  DNA  samples  analyzed,  we  affinity  purified  tumor 
cells  using  Epi-CAM  antibody  magnetic  beads  from  all  18 
freshly  collected  samples.9  We  also  microdissected  tu¬ 
mor  cells  from  69  paraffin-embedded  tumors. 

Mutational  Analysis 

The  relevant  exons  of  the  genes  indicated  in  Table  1  in 
each  tumor  sample  were  PCR-amplified,  sequenced,  and 
assessed  for  potential  sequence  alterations  using  ap¬ 
proaches  previously  described.9,10  The  nucleotide  se¬ 
quences  were  then  analyzed  using  the  Mutation  Surveyor 
program  (Soft  Genetics  LLC,  State  College,  PA)  and  the 
sequencing  data  were  analyzed  by  two  investigators 
independently. 

Immunohistochemistry 

We  assessed  AKT  phosphorylation  in  58  CCCs  including 
1 8  cases  with  PIK3CA  mutations  and  40  cases  without  the 
mutations  using  an  anti-pAkt  (Ser473)  monoclonal  anti¬ 
body  (Cell  Signaling).  Immunohistochemistry  was  per¬ 
formed  on  deparaffinized  sections  using  the  antibody  at  a 


dilution  of  1:50  and  an  EnVision+System  peroxidase  kit 
(DAKO,  Carpinteria,  CA).  Immunoreactivity  was  scored 
by  two  investigators  as  follows:  0:  undetectable,  1+: 
weakly  positive,  2+:  moderately  positive  and  3+:  in¬ 
tensely  positive. 

Single  Nucleotide  Polymorphism  Array  Analysis 

Single  nucleotide  polymorphisms  (SNPs)  were  geno- 
typed  using  the  250K  Styl  arrays  (Affymetrix,  Santa  Clara, 
CA)  in  the  Microarray  Core  Facility  at  the  Dana-Farber 
Cancer  Institute,  Boston,  MA.  The  dChip  2006  program 
was  used  to  analyze  SNP  array  data.11,12  Data  were 
normalized  to  a  baseline  array  with  median  signal  inten¬ 
sity  at  the  probe  intensity  level  using  the  invariant  set 
normalization  method.  Signal  values  for  each  SNP  were 
compared  with  the  average  intensities  from  15  normal 
samples.  To  infer  the  DNA  copy  number  from  the  raw 
signal  data,  we  used  the  Hidden  Markov  Model,11  based 
on  the  assumption  of  diploid  for  normal  samples.  Map¬ 
ping  information  of  SNP  locations  and  cytogenetic  bands 
were  based  on  curation  of  Affymetrix  and  University  of 
California  Santa  Cruz  hg17.  In  this  study,  we  used  an 
arbitrary  cutoff  of  more  than  three  copies  in  more  than  six 
consecutive  SNPs,  to  define  an  amplification. 

Quantitative  Real-Time  PCR 

DNA  copy  number  of  the  PIK3CA  locus  in  10  CCC  cell 
lines  was  assessed  by  quantitative  real-time  PCR  using 
an  iCycler  (Bio-Rad,  Hercules,  CA)  with  SYBR  green  dye 
(Molecular  Probes,  Eugene,  OR).  The  primer  sequences 
that  amplified  the  first  exon  are:  5'-CCCCTCCATCAACT- 
TCTTCAA-3'  (forward)  and  5 '  -ATT  GT  AT  CAT  ACCAATT  - 
TCTCGATTG-3'  (reverse). 

Averages  in  the  threshold  cycle  number  of  triplicate 
measurements  were  obtained.  The  results  were  ex¬ 
pressed  as  the  difference  between  the  threshold  cycle  of 
the  gene  of  interest  and  the  threshold  cycle  of  a  Line-1 
gene  for  which  expression  is  relatively  constant  among 
tumor  tissues. 
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Table  2.  Sequence  Mutation  Rates  in  Ovarian  Clear  Cell  Carcinomas 


Sample  ( n ) 

KRAS 

BRAF 

TP53 

PIK3CA 

CTNNB1 

PTEN 

JH  (10) 

20% 

0% 

10% 

50% 

0% 

0% 

TW  (8) 

0% 

0% 

ND 

50% 

0% 

0% 

Cell  line  (10) 

10% 

10% 

20% 

40% 

0% 

10% 

TW-paraffin  (44) 

9% 

0% 

ND 

25% 

2% 

ND 

JP-paraffin  (25) 

0% 

0% 

ND 

32% 

8% 

ND 

Overall:  non-paraffin  (JH  +  TW  +  Cell  line) 

11% 

3% 

15% 

46% 

0% 

5% 

Overall  (97) 

7% 

1% 

15% 

33% 

1% 

5% 

JH:  freshly  purified  tumor  cells  from  tumor  tissues  at  the  Johns  Hopkins  Hospital. 

TW:  freshly  purified  tumor  cells  from  tumor  tissues  at  the  National  Taiwan  University  Hospital. 
TW-paraffin:  paraffin-embedded  tumors  from  National  Taiwan  University  Hospital. 

JP-paraffin:  paraffin-embedded  tumors  from  the  Seirei  Mikatahara  Hospital,  Japan. 

ND:  not  determined. 


Results  and  Discussion 

The  mutation  profile  of  all  of  the  specimens  is  summa¬ 
rized  in  Table  2  and  the  detailed  mutations  in  each  sam¬ 
ple  were  listed  in  supplementary  Table  1  (at  http://ajp. 
amjpathol.org).  Sequence  mutations  (at  the  mutation  hot 
spots)  of  PIK3CA ,  TP 53,  KRAS,  PTEN,  CTNNB1 ,  and 
BRAF ,  were  detected  in  33%,  15%,  7%,  5%,  3%,  and  1%, 
of  informative  CCC  cases,  respectively.  Among  the 
genes  analyzed,  PIK3CA  was  the  most  frequently  mu¬ 
tated  and  was  therefore  selected  for  further  characteriza¬ 
tion.  We  found  that  the  percentage  of  PIK3CA  mutations 
was  even  higher  (46%)  in  the  28  cases  of  affinity  purified 
CCCs  and  CCC  cell  lines.  Most  of  the  PIK3CA  mutations 
were  mapped  to  exon  9  and  exon  20  resulting  in  kinase 
activation  of  pi  10a  which  has  been  shown  to  result  in 
increased  cellular  survival  and  invasion.  Because  AKT 
activation  by  phosphorylation  can  occur  as  a  result  of 
constitutive  activating  mutations  in  PIK3CA,  we  assessed 
AKT  phosphorylation  in  58  tumors,  including  18  cases 
with  PIK3CA  mutations  and  40  cases  without  mutations. 
We  found  that  all  18  specimens  with  PIK3CA  mutations 
and  34  (85%)  of  40  cases  with  wild-type  PIK3CA  showed 
intense  and  diffuse  phosphorylated  AKT  immunoreactiv- 
ity.  There  was  no  statistical  difference  of  phosphorylated 
AKT  immunoreactivity  (extent  and  intensity)  between 
these  two  groups  (P  =  0.16).  These  results  indicate  that 
PIK3CA  mutations  directly  activate  AKT  in  CCCs,  and 
other  mechanisms  rather  than  sequence  mutations  are 
involved  in  activating  the  pathway  for  those  CCCs  with 
wild-type  PIK3CA. 

In  an  effort  to  determine  whether  the  PIK3CA  locus  was 
genomically  amplified,  we  applied  a  genome-wide  anal¬ 
ysis  for  DNA  copy  number  alterations  in  the  12  affinity- 
purified  ovarian  CCCs  using  250K  SNP  arrays  and  per¬ 
formed  quantitative  real-time  PCR  to  determine  the  DNA 
copy  number  in  the  PIK3CA  locus  in  10  cell  lines.  We  did 
not  observe  any  DNA  copy  number  change  in  any  of  the 
tumors  and  cell  lines  (see  Supplemental  Figure  SI  at 
http://ajp.amjpathol.org).  Thus,  it  is  likely  that  PIK3CA  mu¬ 
tation  is  the  main  molecular  genetic  change  that  consti- 
tutively  activates  the  PI3K/AKT  pathway  in  ovarian  CCC. 
Finally,  to  determine  the  clinical  significance  of  PIK3CA 
mutation  in  ovarian  CCCs,  we  correlated  its  mutation 
status  with  various  clinicopathologic  parameters.  There 
was  no  significant  correlation  between  the  PIK3CA  muta¬ 


tion  status  and  histological  features,  clinical  stage,  pa¬ 
tient  age,  disease-free  interval,  and  overall  survival  (P  > 
0.05  for  all  clinical  parameters  examined). 

The  findings  from  this  study  have  important  biological 
and  clinical  ramifications  for  ovarian  cancer.  First,  al¬ 
though  previous  reports  have  detected  PIK3CA  mutations 
in  ovarian  CCC,  those  studies  analyzed  a  small  number 
of  cases  and  therefore  the  investigators  could  not  draw 
firm  conclusions  about  the  frequency  of  PIK3CA  muta¬ 
tions  and  the  generalizability  of  their  findings.13-15  In  the 
present  study,  we  analyzed  a  total  of  97  ovarian  CCCs 
and  demonstrated  that  more  than  a  third  had  PIK3CA 
mutations.  This  observation  is  important  because  of  the 
well-established  role  of  PI3K  in  oncogenesis  in  several 
types  of  human  cancer.16-19  It  is  particularly  interesting 
that  among  all  of  the  cancer  types  reported  so  far,  ovar¬ 
ian  CCC  has  the  highest  frequency  of  PIK3CA  mutations. 
Of  note,  in  the  current  study  we  only  sequenced  those 
exons  with  the  most  common  mutations  in  the  selected 
genes  and  therefore  the  actual  mutation  frequency  could 
be  higher  than  the  one  reported  here. 

Our  results  also  provide  additional  support  to  the  view 
that  ovarian  cancer  is  a  heterogeneous  group  of  neoplas¬ 
tic  diseases,  which  are  characterized  by  their  signature 
molecular  genetic  aberrations.20  Specifically,  high-grade 
serous  carcinoma  is  characterized  by  frequent  mutations 
of  TP53  and  high  levels  of  chromosomal  instability20,21  In 
contrast,  low-grade  serous  carcinoma  frequently  harbors 


Figure  1.  The  mutation  profile  of  TP53,  KRAS ,  BRAF ,  PIK3CA ,  PTEN,  and 
CTNNB1  in  different  histological  types  of  ovarian  epithelial  neoplasms.  The 
frequency  of  individual  mutations  is  shown  in  the  bar  chart  in  various  types 
of  ovarian  carcinoma  including  high-grade  (HG)  serous  carcinoma,  low- 
grade  (LG)  serous  carcinoma,  clear  cell  carcinoma,  endometrioid  carcinoma 
(EMCA),  and  mucinous  carcinoma.  The  mutation  frequency  is  estimated  from 
several  studies  based  on  a  sizable  sample  size.1,9,10, 14,15,29-37  The  frequency 
of  PIK3CA  mutation  in  clear  cell  carcinoma  is  based  on  the  current  study 
showing  46%  in  purified  tumors  and  cell  lines.  The  mutation  frequency  of 
PTEN  and  CTNNB1  has  not  been  determined  (ND)  in  low-grade  serous 
carcinomas. 
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mutations  in  KRAS/BRAF/ERBB2,  endometrioid  carci¬ 
noma  has  PTEN  and  CTNNB1  mutations  in  most  of  cases, 
and  mucinous  carcinoma  has  KRAS  mutations  in  more 
than  half  of  the  cases1,20  (Figure  1).  The  high  frequency 
of  PIK3CA  mutation  and  the  low  rate  of  mutations  in 
KRAS,  BRAF,  TP53,  PTEN,  and  C77VA/B1  indicate  that 
CCCs  have  a  different  molecular  signature  from  other 
surface  epithelial  tumors.  Both  ovarian  endometrioid  car¬ 
cinoma  and  CCC  are  thought  to  develop  from  endome¬ 
triosis,22  but  endometrioid  carcinoma  has  a  high  fre¬ 
quency  of  PTEN  and  CTNNB1  mutations  while  CCC  has  a 
low  frequency  of  mutations  in  these  genes.  Thus,  our  data 
provide  evidence  that  the  underlying  genetic  events  in 
CCC  and  endometrioid  carcinoma  are  inherently  different 
despite  the  fact  that  the  precursor  lesion,  endometriosis, 
is  the  same  for  both  tumors. 

From  a  therapeutic  perspective,  our  results  under¬ 
score  the  importance  of  carefully  separating  these  differ¬ 
ent  types  of  ovarian  tumors  in  clinical  trials  evaluating 
different  types  of  treatments.  The  relatively  high  fre¬ 
quency  of  PIK3CA  mutations  holds  promise  for  new  ther¬ 
apeutic  approaches  using  small  molecule  inhibitors  tar¬ 
geting  PI3K.  New  PI3K  targeting  drugs,  including 
G DC-0941 ,23  NVP-BEZ235, 24,25  PI-103  26  and  SF1126,  a 
LY294002  prodrug, 27  have  recently  been  developed  and 
are  being  evaluated  in  clinical  trials.23,25,28  In  the  future, 
it  will  be  important  to  design  clinical  trials  to  evaluate  the 
efficacy  of  such  inhibitors  by  correlating  clinical  response 
with  PIK3CA  mutational  status  or  pathway  activation.  If 
such  studies  show  promising  results,  this  would  be  an 
important  step  in  the  development  of  customized  treat¬ 
ment  for  ovarian  CCC  at  advanced  stages. 
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Abstract 

Ovarian  serous  carcinoma,  the  most  common  and  lethal  type 
of  ovarian  cancer,  is  thought  to  develop  from  two  distinct 
molecular  pathways.  High-grade  (HG)  serous  carcinomas 
contain  frequent  TP53  mutations,  whereas  low-grade  (LG) 
carcinomas  arise  from  serous  borderline  tumors  (SBT)  and 
harbor  mutations  in  KRAS/BRAF/ERBB2  pathway.  However, 
the  molecular  alterations  involved  in  the  progression  from 
SBT  to  LG  carcinoma  remain  unknown.  In  addition,  the  ex¬ 
tent  of  deletion  of  tumor  suppressors  in  ovarian  serous 
carcinomas  has  not  been  well  studied.  To  further  address 
these  two  issues,  we  assessed  DNA  copy  number  changes 
among  affinity-purified  tumor  cells  from  37  ovarian  serous 
neoplasms  including  SBT,  LG,  and  HG  tumors  using  high- 
density  250K  single  nucleotide  polymorphism  arrays.  Chro¬ 
mosomal  instability  index  as  measured  by  changes  in  DNA 
copy  number  was  significantly  higher  in  HG  than  in  LG  serous 
carcinomas.  Hemizygous  chlp36  deletion  was  common  in  LG 
serous  carcinomas  but  was  rarely  seen  in  SBT.  This  region 
contains  several  candidate  tumor  suppressors  including  miR- 
34a.  In  contrast,  in  HG  serous  carcinomas,  significant 
numbers  of  amplifications  and  deletions,  including  homozy¬ 
gous  deletions,  were  identified.  Among  homozygous  deletions, 
loci  containing  Rbl,  CDKN2A/B,  CSMD1,  and  DOCK4  were 
most  common,  being  present  in  10.6%,  6.4%,  6.4%,  and  4.3%, 
respectively,  in  independent  47  affinity-purified  HG  serous 
carcinomas.  Except  for  the  CDKN2A/B  region,  these  homozy¬ 
gous  deletions  were  not  present  in  either  SBT  or  LG  tumors. 
Our  study  provides  a  genome-wide  homozygous  deletion  pro¬ 
file  in  HG  serous  carcinomas,  which  can  serve  as  a  molecular 
foundation  to  study  tumor  suppressors  in  ovarian  cancer. 
[Cancer  Res  2009;69(9):4036-42] 

Introduction 

In  the  United  States,  ovarian  cancer  is  responsible  for  more 
cancer  deaths  than  any  other  neoplasms  of  the  female  reproductive 
organs,  with  an  estimated  15,520  deaths  in  2008  (1).  Ovarian  cancer 
is  a  heterogeneous  group  of  diseases,  and  among  them,  serous 


Note:  Supplementary  data  for  this  article  are  available  at  Cancer  Research  Online 
(http:/ / cancerres.aacrjournals.org/). 

Requests  for  reprints:  Tian-Li  Wang  or  Ie-Ming  Shih,  Departments  of  Gynecology/ 
Obstetrics  and  Oncology,  Johns  Hopkins  University  School  of  Medicine,  CRBII,  1550 
Orleans  Street,  Room  306,  Baltimore,  MD  21231.  Phone:  410-502-0863;  Fax:  410-502- 
7943;  E-mail:  tlw@jhmi.edu  or  shihie@yahoo.com. 

©2009  American  Association  for  Cancer  Research. 
doi:10.1 158/ 0008-5472.CAN-08-3913 


carcinoma  is  the  most  common  type,  representing  approximately 
half  of  ovarian  cancers.  The  majority  of  serous  carcinomas  are 
high-grade  and  have  been  thought  to  arise  in  a  progressive  fashion 
from  benign  serous  cystadenoma  to  serous  borderline  tumor  (SBT; 
also  known  as  serous  tumor  of  low  malignant  potential  or  atypical 
proliferative  serous  tumor),  to  low-grade  (LG)  serous  carcinoma, 
and  then  finally  to  high-grade  (HG)  serous  carcinoma  (2).  However, 
clinicopathologic  observations  and  recent  molecular  genetic 
studies  from  several  research  groups  have  challenged  this 
paradigm.  Two  distinct  pathways  are  now  thought  to  lead  to  the 
development  of  LG  and  HG  serous  carcinomas  (3-10).  LG 
carcinomas  are  now  thought  to  develop  from  SBT  and  progress 
in  a  stepwise  fashion  because  histologic  transitions  can  be  found 
in  SBT  and  LG  serous  carcinomas  from  the  same  specimen; 
furthermore,  both  SBT  and  LG  lesions  share  similar  molecular 
genetic  changes  (3).  They  are  slow-growing,  indolent  tumors  that 
have  a  relatively  good  prognosis  compared  with  HG  carcinomas. 
Molecular  genetic  analysis  has  shown  that  SBT/LG  serous 
carcinomas  typically  display  sequence  mutations  in  KRAS/BRAF/ 
ERBB2  but  with  infrequent  mutations  in  TP53  (11-13).  In  contrast, 
HG  serous  carcinomas  often  present  in  advanced  stages  (stages  III 
and  IV)  and  rarely  harbor  mutations  in  KRAS/BRAF /ERBB2.  HG 
serous  carcinomas  grow  rapidly  and  are  highly  aggressive  and  >75% 
of  these  tumors  harbor  TP53  mutations  (14-18). 

DNA  copy  number  alterations  including  chromosomal  amplifi¬ 
cation,  deletion,  and  aneuploidy  are  the  hallmarks  of  neoplasia 
(19).  Amplification  is  one  of  the  mechanisms  that  lead  to  an 
increase  in  activity  of  oncogenes  and  development  of  drug 
resistance  (20,  21),  whereas  allelic  deletion  results  in  inactivation 
of  tumor  suppressors.  Identification  and  characterization  of  genes 
within  the  amplified  and  deleted  chromosomal  loci  not  only 
provide  new  insights  into  the  pathogenesis  of  cancer  but  may  also 
lead  to  new  approaches  to  diagnosis  and  therapy.  Previous  studies 
have  applied  different  approaches  to  analyze  DNA  copy  number 
changes  on  a  genome-wide  scale  (22-28),  but  most  combined 
different  histologic  types  of  ovarian  carcinomas  such  as  serous, 
endometrioid,  clear  cell,  and  mucinous  tumors  in  the  analysis,  and 
very  few  included  LG  serous  carcinomas  and  SBTs.  A  head-to-head 
comparison  between  HG  and  LG  serous  carcinomas  and  between 
LG  serous  carcinomas  and  their  precursor  lesions,  SBTs,  has  not 
been  published.  Furthermore,  although  studies  have  identified 
several  convincing  amplification  events  in  ovarian  cancer,  detec¬ 
tion  of  deletions,  especially  homozygous  ones,  has  been  challenging 
because  (a)  it  requires  technologies  with  a  sufficient  resolution  and 
( b )  it  requires  samples  that  are  highly  enriched  with  tumor  cells 
because  the  presence  of  normal  stromal  cells  or  endothelial  cells 
can  mask  deletions.  To  overcome  these  limitations  in  this  study,  we 
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Figure  1.  Genome-wide  chromosome  instability  (CIN)  index  in  ovarian 
serous  tumors.  A,  the  CIN  index  in  individual  chromosomes  of  each  serous 
tumor  is  plotted  using  a  pseudo-color  gradient  indicating  the  copy  number 
alteration  level  (low  to  high:  dark  to  red).  Normal,  stromal  fibroblast  from  the 
tumor;  SBT,  serous  borderline  tumor  (atypical  proliferative  serous  tumor); 
LG,  low-grade  serous  carcinoma;  HG,  high-grade  serous  carcinoma.  B, 
genome-wide  CIN  index  for  each  tumor.  **,  P  <  0.01 ;  ***,  P  <  0.001 .  C,  CIN 
index  in  matched  normal  and  tumor  pairs  from  7  SBT  and  6  LG  tumors. 
Tumor  samples  are  found  to  harbor  significantly  higher  CIN  index  than 
adjacent  normal  samples  (P  <  0.01). 


applied  high-density  250K  single  nucleotide  polymorphism  (SNP) 
arrays  and  used  affinity-purified  tumor  cells  from  fresh  specimens 
to  address  two  biological  questions  that  are  related  to  the 
pathogenesis  of  ovarian  cancer  and  have  not  yet  been  elucidated: 
(a)  What  is  the  cardinal  molecular  genetic  alteration(s)  in  the 
transition  from  SBT  to  LG  serous  carcinoma  and  (2)  What  are  the 
deleted  tumor  suppressor  genes  in  HG  serous  tumors? 

Materials  and  Methods 

Tissue  samples.  Tissue  samples  from  12  SBTs,  12  LG  ovarian  serous 
carcinomas,  and  13  HG  ovarian  serous  carcinomas  were  collected  from 
the  Department  of  Pathology,  Johns  Hopkins  Hospital.  The  acquisition  of 
the  anonymous  tissue  specimens  for  this  study  was  approved  by  the 
Institutional  Review  Board  at  the  Johns  Hopkins  Medical  Institutions. 

The  status  of  primary/recurrence  and  the  mutational  status  of  TP53/ 
KRAS/BRAF  of  each  sample  are  listed  in  Supplementary  Table  SI.  Fresh 
tumor  specimens  were  digested  with  collagenase  (1  mg/mL),  washed 
with  RPMI,  and  affinity-purified  using  the  anti-Ber-EP4-conjugated 
magnetic  beads  (Invitrogen)  as  described  previously  (29,  30).  The  purity 
of  the  isolated  tumor  cells  was  confirmed  by  immunostaining  using  an 
anti-cytokeratin-8  antibody  (CAM5.2;  Becton  Dickinson).  The  negatively 
sorted  cellular  fraction,  which  represented  the  tumor  adjacent  normal 
stromal  cells,  was  separately  cultured.  The  stromal  fibroblasts  showed 
distinct  morphology  and  their  purity  was  confirmed  by  positive  vementin 
immunoreactivity  and  negative  Ber-EP4  and  CD31  immunoreactivities. 
Anti-vementin  was  purchased  from  Sigma,  anti-Ber-EP4  was  from  Abeam, 
and  anti-CD31  was  from  Invitrogen. 

SNP  array.  SNPs  were  genotyped  using  250K  Styl  arrays  (Affymetrix)  in 
the  Microarray  Core  Facility  at  the  Dana-Farber  Cancer  Institute.  A  detailed 
protocol  is  available  on  the  Core  Center  Web  page.6  Briefly,  genomic  DNA 


was  fragmented  using  the  restriction  enzyme,  Styl,  ligated  with  linkers, 
followed  by  PCR  amplification.  The  PCR  products  were  purified  and  then 
digested  with  DNase  I  to  a  size  ranging  from  250  to  2,000  bp.  Fragmented 
PCR  products  were  labeled  with  biotin  and  hybridized  to  the  arrays.  Arrays 
were  then  washed  with  the  Affymetrix  fluidics  stations.  The  bound  DNA  was 
fluorescently  labeled  using  streptavidin-phycoerythrin  conjugates  and 
scanned  using  the  Gene  Chip  Scanner  3000. 

Analysis  of  SNP  array  data  was  done  using  the  dChip  2006  program 
(24,  31).  Data  were  normalized  to  a  baseline  array  with  median  signal 
intensity  at  the  probe  intensity  level  using  the  invariant  set  normalization 
method.  A  model-based  (PM/MM)  method  was  employed  to  obtain  the 
signal  values  for  each  SNP  in  each  array.  Signal  values  for  each  SNP  were 
compared  with  the  average  intensities  from  15  normal  samples,  among 
which  13  samples  are  tumor  adjacent  stromal  fibroblasts  purified  from  the 
same  patients  whose  tumor  samples  were  analyzed  by  SNP  array.  The 
remaining  two  samples  are  normal  fallopian  tubes.  To  infer  the  DNA  copy 
number  from  the  raw  signal  data,  we  used  the  Hidden  Markov  Model  (31) 
based  on  the  assumption  of  diploid  for  normal  samples.  Mapping 
information  of  SNP  locations  and  cytogenetic  bands  were  based  on 
curation  of  Affymetrix  and  University  of  California  Santa  Cruz  hgl7.  In  this 
study,  we  used  an  arbitrary  cutoff  of  >3  copies  in  >6  consecutive  SNPs  to 
define  amplification,  a  cutoff  of  <0.5  copy  to  define  homozygous  deletion, 
and  a  copy  number  between  0.5  and  1.5  to  define  hemizygous  deletions.  If 
there  were  intermittent,  nonconsecutive  probes  with  inferred  copy  numbers 
that  deviated  ±0.1  copies  from  the  cutoff  criteria,  this  probe  was  considered 
within  the  cutoff  range.  The  DNA  copy  number  changes  in  all  samples  were 
analyzed  using  the  same  criteria. 


6  http:/ /biosun l.harvard.edu/ complab/ dchip/ 
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Index  of  DNA  copy  number  changes  (chromosome  instability  index). 

To  facilitate  the  quantification  of  subchromosomal  copy  number  alter¬ 
ations,  we  applied  the  Circular  Binary  Segmentation  algorithm  (32)  to  count 
copy  number  changes  and  used  a  chromosome  instability  (CIN)  index  to 
determine  the  levels  of  DNA  copy  number  changes.  In  this  study, 
amplification  was  defined  as  a  region  with  a  copy  number  >3  in  at  least 
six  contiguous  SNPs,  whereas  homozygous  deletion  was  defined  as  a  region 
with  a  copy  number  <0.5  in  at  least  six  contiguous  SNPs.  Hemizygous 
deletion  was  defined  as  a  region  where  the  copy  number  fell  between 
0.5  and  1.5  in  at  least  six  contiguous  SNPs.  We  further  computed  the  CIN 
index  for  each  chromosome  at  a  genome-wide  scale  based  on  the  total 
amount  of  gain  and  loss.  The  chromosome-specific  CIN  index  was  defined 
as  the  sum  of  amplitudes  of  all  gain/loss  segments  divided  by  the  total 
number  of  SNPs  in  the  chromosome,  and  the  genome-wide  CIN  index  was 
defined  as  log(Ci  +  1)  +  . . .  +  log(C;  +  1)  +  . . .  +  log(C23  +  1),  where  C,  is  the 
CIN  index  of  chromosome  i.  For  a  gain  segment,  the  amplitude  was  the 
average  intensity  of  SNP  signals  within  the  segment.  For  a  loss  segment,  to 
match  the  effect  of  losses  to  the  same  scale  of  gains,  the  amplitude  was 
calculated  by  2.5  +  (A  -  2.5)  (1.5  -  a)  /  1.5,  where  a  was  the  average  intensity 
of  SNP  signals  within  the  loss  segment  and  A  was  the  maximum  gain 
amplitude  across  all  cases  on  the  same  chromosome. 

Western  blot  analysis.  Western  blot  analysis  was  done  on  representative 
HG  tumors  to  test  if  tumors  with  apparent  homozygous  deletions  expressed 
the  gene  products.  Similar  amounts  of  protein  were  loaded  in  10%  to  12%  Tris- 


Figure  2.  Copy  number  alteration  in  chromosome  1,  9,  and  13.  DNA  copy 
number  changes  are  represented  as  pseudo-color  gradients  corresponding  to 
the  copy  number  increase  (red  boxes)  and  decrease  ( blue  boxes)  as  compared 
to  pooled  normal  samples.  Each  column  represents  an  individual  tumor  sample. 
Arrow  indicates  candidate  tumor  suppressor  gene  at  each  region. 


acrylamide  gels,  and  after  transblotting,  the  membranes  were  probed  with 
either  anti-pRb  antibody  (clone  IF8;  Santa  Cruz  Biotechnology)  or  anti-pl6 
antibody  (clone  G175-1239;  BD  Biosciences).  GAPDH  was  used  as  the  loading 
control.  After  secondary  antibody  incubation,  membranes  were  developed 
using  chemiluminescence  and  detected  using  Chemidoc  XRS  (Bio-Rad). 

Detailed  methods  for  quantitative  real-time  PCR,  statistic  analysis,  and 
transfection  and  functional  study  of  miR-34a  are  described  in  Supplemen¬ 
tary  Materials  and  Methods. 

Results 

Global  DNA  copy  number  alterations  detected  in  ovarian 
serous  tumors.  The  genome-wide  DNA  copy  number  profiles  in 
12  SBTs,  12  LG,  and  13  HG  serous  carcinomas  are  shown  in 
Supplementary  Fig.  SI.  Compared  with  SBTs  and  LG  serous 
carcinomas,  HG  serous  carcinomas  showed  widespread  DNA  copy 
number  gains  and  losses  involving  all  chromosomes.  To  compare 
the  overall  levels  of  DNA  copy  number  changes  in  different  serous 
neoplasms,  we  used  the  CIN  index  based  on  counting  the  total 
numbers  of  discrete  DNA  fragments  showing  either  gain  or  loss  in 
each  sample.  First,  we  compared  the  CIN  index  between  tumor 
adjacent  stromal  fibroblasts  (isolated  from  7  SBTs  and  6  LGs)  and 
their  corresponding  tumors.  Figure  1A  shows  CIN  index  at 
each  chromosome  and  Fig.  IB  shows  genome-wide  CIN  index 
(the  combined  CIN  index  from  all  chromosomes)  of  each  specimen. 
The  results  showed  that  the  CIN  index  of  normal  samples 
consistently  was  around  zero  in  all  chromosomes,  whereas  their 
tumor  counterparts  showed  an  elevated  CIN  index.  Paired  t  test 
was  done  to  show  a  statistically  significant  difference  in  the  CIN 
index  between  normal  samples  and  matched  tumors  (P  <  0.01).  In 
contrast,  serous  LG  and  HG  carcinomas  showed  an  elevated  CIN 
index  (Fig.  1).  In  LG  serous  carcinomas,  the  chromosomes  with  the 
highest  CIN  index  were  chromosomes  1,  22,  and  X,  whereas 
chromosomes  2,  3,  5,  7,  11,  and  12  had  the  lowest  CIN  index 
(Supplementary  Fig.  S2).  In  HG  tumors,  all  chromosomes  had  a 
high  CIN  index  (Supplementary  Fig.  S2).  Compared  with  SBTs  and 
LG  tumors,  HG  tumors  showed  the  highest  level  of  DNA  copy 
number  alterations  as  their  overall  CIN  index  was  significantly 
higher  than  the  CIN  index  of  either  LG  serous  carcinomas  or  SBTs 
(Fig.  IB).  LG  serous  carcinomas  also  exhibited  a  significantly  higher 
CIN  index  than  SBTs,  indicating  that  there  were  more  chromo¬ 
somal  rearrangements  in  LG  serous  carcinomas  than  in  SBT 
tumors  (Fig.  IB). 

Frequent  deletions  in  the  chlp36  and  ch9p21  loci  in  LG 
tumors.  To  identify  subchromosomal  regions  that  are  potentially 
involved  in  the  progression  from  SBT  to  LG  serous  carcinoma,  we 
compared  the  profiles  of  DNA  copy  number  changes  between  both 
types  of  ovarian  tumors.  Our  results  showed  that  the  most  significant 
DNA  copy  number  changes  in  LG  carcinomas  were  deletions  at 
chlp36  and  ch9p21.3,  which  occurred  in  7  of  12  and  6  of  12  of  LG 
tumors,  respectively  (Fig.  2).  Of  note,  chlp36  deletions  were  all 
hemizygous,  whereas  2  specimens  of  ch9p21.3  deletions  were 
homozygous  and  4  were  hemizygous.  One  of  the  SBTs  also  harbored 
chlp36  hemizygous  deletion,  but  none  of  the  SBTs  contained 
detectable  ch9p21.3  deletions.  Minimal  mapping  of  the  chlp36 
deletion  in  these  7  LG  serous  carcinomas  revealed  that  there  were  two 
immediately  adjacent  deleted  regions:  one  spanning  the  interval  from 
5,579,980  to  16,540,200  bp  and  the  other  spanning  the  interval  from 
17,035,400  to  31,700,900  bp  (Fig.  3).  Notably,  CHD5  and  miRNA-34a, 
previously  reported  tumor  suppressor  genes,  are  located  within  the 
first  common  deleted  region  in  LG  carcinomas.  To  determine  if  CHD5 
was  inactivated  by  point  mutations,  we  performed  DNA  sequence 
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analysis  on  the  12  LG  carcinomas  used  in  the  SNP  array  analysis  and 
on  the  SBT  that  also  harbored  the  chlp36  hemizygous  deletion. 
However,  we  did  not  identify  somatic  mutations  in  CHD5. 

Minimal  mapping  of  the  two  LG  serous  carcinomas  with 
homozygous  deletion  in  ch9p21.3  region  showed  that  the  core 
deletion,  spanning  21,945,000  to  22,009,700  bp  and  which  harbors 
the  CDKN2A/B  locus,  encodes  pl6,  pl5,  and  Arf  (pl4;  Fig.  4A).  To 
determine  if  additional  mutations  were  present  in  both  CDKN2A 
and  CDKN2B,  we  performed  DNA  sequence  analysis  of  these  genes 
among  10  LG  serious  carcinomas  and  9  SBTs  but  did  not  detect 
somatic  point  mutations  in  any  of  these  specimens. 

Additional  genomic  alterations  present  in  LG  serous  carcinoma  but 
not  in  SBTs  included  a  3-fold  gain  at  chlq  and  a  hemizygous  deletion 
of  the  entire  X  chromosome.  These  regions  may  contain  genes 
important  in  the  progression  from  SBT  to  LG  serous  carcinoma. 

Profiles  of  DNA  copy  number  changes  in  HG  serous 
carcinomas.  The  current  250K  SNP  array  analysis  revealed  that 
the  most  frequently  amplified  regions  in  HG  serous  carcinomas 
were  the  loci  at  ch3q,  chl2p,  and  chl9p,  all  of  which  have  been 
reported  in  our  previous  study  using  a  10K  SNP  array  platform  (27). 
Supplementary  Table  S2  summarizes  the  most  common  amplicons 
identified  among  HG  serous  carcinomas  in  this  study.  Because 
genomic  amplifications  in  the  ovarian  cancer  have  been  previously 
characterized  in  several  studies,  including  our  own  (9, 26, 27, 33-37), 
in  this  report,  we  focused  on  analyzing  homozygous  deletions  that 
were  difficult  to  be  discovered  by  previous  approaches.  In  this 
regard,  we  took  advantage  of  affinity  purification  of  tumor  cells, 
which  would  enhance  the  sensitivity  of  detecting  homozygous 
deletions.  Furthermore,  we  used  the  relatively  high-density  250K 
SNP  platform  because  our  pilot  study  has  shown  that  it  can  reliably 
detect  a  previously  reported  450  kb  homozygous  deletion  in  DiFi 
cells  (32).  Supplementary  Table  S3  summarizes  the  most  common 
regions  carrying  deletions  identified  in  this  study.  Among  the  loci 
that  were  deleted  were  Rbl  (chl3ql4.2),  CDKN2A/B  (ch9p21.3),  CUB 
and  sushi  multiple  domains  1  ( CSMD1 ;  ch8q23. 1-23.3),  and  dictator  of 
cytokinesis  4  ( DOCK4 ;  ch7q31.1),  all  of  which  have  been  previously 
reported  to  be  homozygously  deleted  in  human  cancers  (Fig.  4B). 
Ten  of  the  homozygous  deletion  loci  were  randomly  selected  for 
validation  by  quantitative  real-time  PCR.  We  were  able  to  confirm 
each  of  the  selected  deletions  (data  shown  in  Supplementary  Table 
S3).  None  of  the  deletions  were  present  in  the  matched  normal 
tissues,  indicating  that  these  homozygous  deletions  in  HG  serous 
carcinomas  were  somatic  changes  acquired  during  tumor  progres¬ 
sion.  To  further  assess  the  frequency  of  deletions  of  Rbl,  CDKN2A, 
CSMD1,  and  DOCK4,  we  used  genomic  quantitative  real-time  PCR 
on  an  independent  panel  of  47  affinity-purified  HG  serous 
carcinomas.  The  frequency  of  homozygous  deletion  olRbl,  CDKN2A, 
CSMD1,  and  DOCK4  was  10.6%,  6.4%,  6.4%,  and  4.3%,  respectively. 
Specific  antibodies  against  two  of  the  known  tumor  suppressors,  pRb 
and  pl6  (encoded  by  CDKN2A ),  were  available,  which  permitted  us  to 
determine  if  the  deletion  affected  protein  expression.  Eleven 
representative  HG  serous  carcinomas  with  known  DNA  copy 
number  status  in  both  regions  were  included  in  Western  blot 
analysis.  As  expected,  the  results  were  entirely  consistent  with  the 
deletional  status  of  each  locus.  As  shown  in  Fig.  5,  two  HG  serous 
carcinomas  with  homozygous  deletions  in  the  Rbl  locus  completely 
lost  pRb  protein  expression.  Two  tumors  of  the  four  tumors 
harboring  hemizygous  deletions  at  the  Rbl  locus  exhibited  low  pRb 
expression.  Other  tumors  with  retained  Rbl  alleles  showed  a  robust 
pRb  protein  band.  Three  HG  serous  carcinomas  harboring 
homozygous  deletions  of  the  CDKN2A  locus  did  not  express 
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Figure  3.  Minimal  mapping  of  chromosome  Ip  hemizygous  deletions  in  LG 
tumors.  Copy  number  of  chromosome  1  of  all  seven  LG  tumors  harboring  chi  p36 
deletion  is  plotted  against  chromosomal  location.  The  minimally  deleted  region 
(delineated  by  dotted  lines)  contains  two  adjacent  deletion  fragments.  Red 
horizontal  lines  indicate  normal  copy  number:  2.  Candidate  tumor  suppressor 
genes,  CHD5  and  miRNA-34a,  are  located  within  the  first  deletion  fragment. 


detectable  pl6  protein.  The  remaining  8  tumors,  which  retained  one 
or  both  CDKN2A  alleles,  expressed  a  variable  but  detectable  amount 
of  pl6  protein. 

Growth  inhibition  by  miR-34a  in  LG  carcinomas.  miR-34a 
has  been  shown  as  a  potential  tumor  suppressor  in  several  tumors 
including  neuroblastoma,  colorectal  cancer,  pancreatic  cancer,  and 
non-small  cell  lung  cancer  (38-43).  Given  the  frequent  hemizygous 
deletion  at  the  miR-34a  locus  in  LG  carcinomas,  we  decided  to 
determine  if  miR-34a  participated  in  the  pathogenesis  of  LG  serous 
carcinomas.  MPSC-1,  a  LG  carcinoma  cell  line  that  harbors  a 
hemizygous  deletion  at  the  miR-34a  locus  and  expresses  a  low  level 
of  endogenous  miR-34a  compared  with  normal  ovarian  surface 
epithelial  cells,  was  selected  for  functional  study  (Fig.  6A  and  B). 
MPSC-1  cells  were  transfected  with  synthetic  miR-34a  mimic  and 
cell  growth  was  monitored.  We  found  that  miR-34a  mimic 
significantly  suppressed  the  cell  growth  of  MPSC-1  when  compared 
with  the  control  miRNA-treated  cells  (Fig.  6C).  Furthermore,  miR- 
34a  mimic  treatment  was  associated  with  a  higher  percentage  of 
apoptotic  cells  in  MPSC-1  cells  than  the  mimic  control  (P  <  0.05, 
t  test;  data  not  shown),  a  result  consistent  with  previous  reports 
(39,  41).  To  examine  if  miR-34a  can  regulate  mRNA  stability  of  its 
target  genes,  following  miR-34a  transfection,  we  performed 
quantitative  RT-PCR  to  determine  mRNA  levels  of  11  reported 
miR-34a  target  genes  (listed  in  Supplementary  Table  S4).  Our 
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results  showed  that  CCDN1,  CDK6,  and  BCL2  mRNAs  were 
significantly  down-regulated  by  miR-34a  24  h  after  transfection 
compared  with  the  control  miRNA  (Fig.  6D). 

Discussion 

Ovarian  carcinoma  is  a  complex  disease  composed  of  a  variety  of 
neoplasms  that  have  been  termed  surface  epithelial  tumors.  These 
tumors  have  vastly  different  clinical,  histopathologic,  and  molec¬ 
ular  features  and  their  pathogenesis  differs  significantly.  A  major 
challenge,  in  so  far  as  their  pathogenesis  is  concerned,  has  been  to 
identify  precursor  lesions  and  shed  light  on  the  molecular 
pathways  that  lead  to  the  development  of  invasive  ovarian 
carcinoma.  Among  the  various  types  of  surface  epithelial  tumors, 
the  serous  group  is  by  far  the  most  common,  accounting  for 
approximately  half  of  all  surface  epithelial  tumors.  They  are  also 
arguably  the  most  lethal.  Accordingly,  in  this  study,  we  focused 
exclusively  on  the  serous  tumors.  Although  several  previous  reports 
have  applied  genome-wide  molecular  analyses  to  study  ovarian 
carcinomas  (9,  34-36),  there  are  several  unique  approaches  in  this 
report  that  aim  to  answer  these  fundamental  questions.  First,  we 
applied  high-resolution  SNP  arrays  on  affinity-purified  tumor  cells, 
an  approach  that  provides  high  sensitivity  and  specificity  in 
detecting  subtle  DNA  copy  number  alterations,  especially  hemizy- 
gous  and  homozygous  deletions.  Second,  the  focus  on  a  single 
histologic  subtype  of  ovarian  cancer  rather  than  grouping  different 
tumor  subtypes  together  permitted  a  comprehensive  view  of 
molecular  genetic  changes  in  serous  ovarian  tumors.  Third,  we 
performed  quantitative  PCR  to  validate  the  homozygous  deletions 
detected  by  SNP  arrays  and  showed  high  specificity  of  the  current 
approach  in  detecting  homozygous  deletions. 

Several  conclusions  can  be  drawn  from  this  study  in  terms  of  the 
molecular  etiology  of  ovarian  SBT/LG  carcinoma.  First,  the 
observation  that  chlp36  hemizygous  deletions  and  ch9p21 
homozygous  or  hemizygous  deletions  occurred  far  more  frequently 
in  LG  serous  carcinomas  than  in  SBTs  suggests  that  these  regions 


may  harbor  potential  tumor  suppressors,  the  loss  of  which 
contributes  to  tumor  progression  from  SBT  to  LG  carcinoma. 
The  chlp36  region  contains  several  potential  tumor  suppressor 
genes  (44,  45).  We  chose  miR-34a  to  investigate  its  function  and 
found  that  transfected  miR-34a  can  suppress  cellular  proliferation 
and  induce  apoptosis  in  LG  carcinoma  cells.  The  functional  effects 
of  miR-34a  reported  here  are  similar  to  previous  studies  (38-43). 
Furthermore,  in  LG  carcinoma  cells,  miR-34a  was  found  to  down- 
regulate  several  of  the  miR-34a  target  genes  including  CCDN1, 
CDK6,  and  BCL2.  The  results  support  the  role(s)  of  miR-34a  in 
regulating  cell  proliferation  and  apoptosis  in  LG  serous  carcinoma. 
It  should  be  noted  that  the  chlp36  deletion  encompasses  a  large 
chromosomal  region  containing  more  than  80  genes;  therefore, 
further  studies  are  required  to  delineate  the  culprit  tumor 
suppressor  gene(s)  located  in  this  region. 

Second,  frequent  deletion  at  the  ch9p21  region  corresponding  to 
the  CDKN2A/B  locus  encodes  three  well-known  tumor  suppressor 
proteins,  pl4  (Arf),  pl6  and  pl5,  observed  in  LG  serous  carcinoma. 
Arf  is  a  potent  tumor  suppressor  that  blocks  cell  cycle  progression 
by  interfering  with  the  p53  negative  regulator,  MDM2,  thereby 
stabilizing  p53  protein  expression.  CDKN2A  and  CDKN2B  share 
similar,  if  not  redundant,  function  in  inhibiting  cyclin-dependent 
kinase,  which  regulates  the  pRb  pathway.  Besides,  the  expression 
level  of  CDKN2A  was  enhanced  in  response  to  oncogene-induced 
stress  such  as  by  the  activation  of  RAS-RAF-MEK  signaling 
pathway.  This  observation  is  of  considerable  interest  because  SBTs 
and  LG  carcinomas  frequently  contain  activating  KRAS  and  BRAF 
mutations  but  rarely  contain  TP53  mutations.  Thus,  retained 
CDKN2A/B  in  SBTs  may  prevent  progression  to  LG  carcinoma 
despite  the  presence  of  activating  KRAS  and  BRAF  mutations 
frequently  observed  in  SBTs.  When  CDKN2A/B  locus  is  deleted,  the 
checkpoint  becomes  defective  and  tumor  cells  may  escape  from 
cell  cycle  arrest  and  exploit  the  oncogenic  functions  of  mutated 
KRAS/BRAF,  leading  to  LG  tumor  progression. 

The  genome-wide  analysis  from  this  study  uncovered  a  handful 
of  homozygously  deleted  genes  that  may  be  implicated  in 
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Figure  4.  Representative  chromosomes 
containing  homozygous  deletions.  A,  two 
LG  serous  carcinomas  and  one  HG 
serous  carcinoma  harbor  the  ch9p21.3 
homozygous  deletion.  Red  horizontal  lines 
represent  normal  copy  number:  2.  The 
deletions  in  LG  serous  carcinomas  are 
small  and  discrete,  but  the  deletion  in  the 
HG  tumor  is  larger  and  encompasses  2.92 
Mb.  B,  representative  homozygous 
deletions  in  ch7,  ch8,  and  ch13  in  HG 
serous  carcinomas.  Candidate  tumor 
suppressor  genes  residing  within  the 
deleted  regions  are  indicated  by  arrows. 
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Figure  5.  Loss  of  pi  6  and  Rbl  protein  expression  in  tumors  with  homozygous 
deletion  at  9p21.3  and  13q14.2,  respectively.  Western  blot  analysis  was 
performed  using  HG  serous  tumors  with  known  DNA  copy  number  at  9p21 .3  and 
13q14.2  regions.  Tumors  with  homozygous  deletions  (HD)  at  those  loci  were 
found  to  completely  lose  protein  expression  of  pi 6  or  Rbl,  respectively. 
Hemizygous  deletion  (HM)  was  found  to  variably  affect  protein  expression  of 
pi 6  and  Rbl.  The  remaining  tumors  contain  normal  copy  number  (2  copies). 
GAPDH  was  used  as  the  sample  loading  control. 

tumorigenesis  of  HG  serous  carcinomas.  These  include  relatively 
frequent  homozygous  deletions  of  Rbl  and  CDKN2A/B.  Homozy¬ 
gous  deletions  in  either  of  these  regions  accounted  for  17%  (8  of  47) 
of  HG  serous  carcinomas.  Because  both  genes  are  probably 
silenced  by  additional  molecular  mechanisms  such  as  promoter 
hypermethylation,  the  inactivation  in  either  gene  in  HG  serous 
carcinomas  is  expected  to  be  very  frequent.  In  fact,  we  observed 
that  >50%  (6  of  11)  of  HG  serous  carcinomas  had  a  significant 
reduction  in  either  pRb  or  pl6  protein  expression  based  on 
Western  blot  analysis  supporting  this  interpretation.  pRb  and  pl6 
proteins  both  participate  in  regulating  progression  of  the  cell  cycle 
from  G,  to  S  phase.  It  is  well  known  that  HG  serous  carcinomas 
harbor  frequent  TP53  mutations;  however,  the  molecular  genetic 


changes  in  Rbl  and  CDKN2A  were  previously  not  recognized 
because  somatic  mutations  in  these  genes  are  rare  in  HG  serous 
carcinomas.  In  addition,  our  results  showing  that  deletions  and 
down-regulation  of  the  Rb/pl6  pathway  often  coexist  with  TP53 
mutations,  suggest  that  Rbl  and  TP53  act  independently,  and 
perhaps  are  equally  important  in  the  development  of  HG  serous 
carcinomas.  The  genetic  analysis  reported  here  provides  an 
explanation  why  a  mouse  ovarian  cancer  model  generated  by 
inducible  deletion  of  Rbl  and  TP53  in  ovarian  epithelium  results  in 
tumors  with  morphology  that  closely  resembles  its  human 
counterpart  (46). 

In  addition  to  the  well-characterized  tumor  suppressors  dis¬ 
cussed  above,  in  HG  serous  carcinoma,  we  also  identified  candidate 
tumor  suppressor  genes  that  are  less  known  to  be  implicated  in 
human  cancers.  These  include  CSMD1 ,  which  is  located  in  ch8p23.1- 
23.3  (47),  and  DOCK4,  which  is  located  in  ch7q31.1  (48).  Deletions  in 
ch8p23  have  been  detected  in  several  other  types  of  human  cancer, 
including  squamous  cell  carcinoma.  Also,  comprehensive  sequenc¬ 
ing  analysis  has  revealed  somatic  mutations  of  CSMD1  in  colon  and 
breast  cancers  (49,  50).  DOCK4  encodes  a  regulator  of  small  GTPase 
and  was  originally  identified  as  a  homozygously  deleted  tumor 
suppressor  (48).  The  function  of  both  CSMD1  and  DOCK4  are  less 
clear  and  future  studies  are  required  to  define  their  role(s)  in  the 
pathogenesis  of  HG  serous  carcinoma. 

The  current  data  using  250K  SNP  array  has  validated  our 
previous  study  using  10K  SNP  array  in  profiling  amplicons  in  33  HG 
and  10  LG  ovarian  serous  carcinomas  (27).  In  addition,  the  much 
higher  resolution  of  250K  SNP  arrays  permitted  reliable  detection 
of  small  subchromosomal  deletions.  However,  it  should  be  noted 
that  the  sample  sizes  in  the  current  study  are  relatively  small  and 
the  observed  mutation  rate  should  be  confirmed  in  future  large- 
scale  studies. 

Our  quantitative  measurement  of  DNA  copy  number  changes  as 
defined  by  the  CIN  index,  provides  cogent  evidence  that  HG  serous 


Figure  6.  Biological  effects  of  miR-34a  in 
a  LG  carcinoma  cell  line,  MPSC-1.  A, 
quantitative  PCR  demonstrates  a  reduced 
genomic  DNA  (gDNA)  copy  number  at  the 
miR-34a  locus  in  a  LG  carcinoma  cell  line, 
MPSC-1.  The  calculated  copy  number  in 
normal  tissue,  MPSC-1,  and  207T  is  2.1, 
0.8  and  1 .0,  respectively.  207T  is  a  LG 
carcinoma  with  hemizygous  deletion  at  the 
miR-34a  locus  based  on  SNP  array 
analysis.  B,  miR-34a  expression  measured 
by  the  TaqMan  microRNA  assay.  OSE: 
normal  ovarian  surface  epithelial  cells. 

C,  miR-34a  inhibits  cell  proliferation  as 
measured  by  the  cell-titer  blue  assay.  D, 
mRNA  levels  of  candidate  miR-34a  target 
genes  measured  by  quantitative  RT-PCR. 
**,  P  <  0.01;  ***,  P  <  0.001. 
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carcinomas  are  characterized  by  a  much  higher  level  of  DNA  copy 
number  changes  compared  with  LG  serous  carcinomas  and  SBTs. 
In  addition,  LG  serous  carcinomas  harbor  higher  numbers  of 
subchromosomal  alterations  than  do  SBTs.  In  13  pairs  of  matched 
tumors  and  tumor  stromal  fibroblasts,  the  CIN  index  was  found  to 
be  significantly  higher  in  the  tumors  than  the  tumor-associated 
stromal  fibroblasts,  refuting  the  proposal  of  coevolution  of  tumor 
stromal  cells  during  tumorigenesis. 

In  summary,  the  results  from  this  study  shed  new  light  on  the 
possible  tumor  suppressor  roles  of  miR-34a  and  CDKN2A/B  in  the 
progression  of  SBT  to  LG  carcinoma.  For  HG  tumors,  deletions  in 
the  Rb-pl6  pathway  may  contribute  to  their  development,  and 
CSMD1  and  DOCK4  may  represent  new  tumor  suppressor  genes. 
The  reported  unique  molecular  genetic  landscape  in  different  types 
of  ovarian  serous  neoplasms  can  serve  as  a  roadmap  for  future 


studies  aimed  at  elucidating  the  molecular  pathogenesis  of  these 
tumors  may  assist  in  the  development  of  and  new  diagnostic  tests 
and  target-based  therapy. 
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